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Mesoporous materials process many unique properties, such as high surface area and large pore
volume, which are important in the applications of catalysis and energy storage. In these applications,
mesoporous materials with controllable porosity and crystallinity are critical. However, the synthesis of
mesoporous materials with crystallinity is challenging using traditional methods due to the disruption of
mesoporosity at high temperatures. Therefore, a novel synthetic strategy is needed. In this thesis, the design
and general synthesis of mesoporous materials with controllable mesoporosity and crystallinity were
reported. The mesoporous materials include oxides, sulfides, and metal oxides-based hybrid materials.
Furthermore, their porosity-correlated properties and applications in catalysis and energy storage devices
are discussed in each chapter.
The first chapter involves the synthesis of mesoporous complex oxides with high crystallinity by
colloidal-amphiphile-micelle (CAM) templates. Organosilane-containing CAM templates can convert into
thermally stable silica that prevents the overgrowth of crystalline grains and the collapse of the
mesoporosity of oxides at high temperatures. This method is general and applicable to various complex
oxides with mesoporosity and crystallinity. Furthermore, the antiferromagnetic ordering temperature of
mesoporous cobalt titanate is studied to understand the correlation between mesoscale porosity and
electromagnetic properties.
Following that, the thermally stable titania confined metal nanoparticles (Au, Pd, and PdAu) are
designed and synthesized by the co-assembly of polymer-tethered metal nanoparticles and CAM templates.
On one hand, the high-temperature synthesis of mesoporous Au and TiO2 hybrids has been developed.

Lei Jin – University of Connecticut, 2020
Well-defined nanostructures of Au and porous structures of TiO2 can be retained while improving the
crystallinity of TiO2 and its strong metal-support interactions (SMSIs). Under thermal annealing, oxidative
SMSIs found in Au-TiO2 show great impact on their photocatalytic activity. On the other hand, using
bimetallic PdAu, the impact of oxide support has been studied in term of their hydrogenation activity and
selectivity.
The last chapter describes the synthesis of mesoporous metal sulfides through a facile solid-state
synthesis. Metal sulfides, such as cobalt sulfides, nickel sulfides, and their binary sulfides, are synthesized.
The sulfides are used as electrode materials in supercapacitors. The mesoporosity and the synergistic effect
of binary sulfides show great impact on the supercapacitive performance.
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Chapter 1.
1.1

Introduction

Overview
Mesoporous materials are of interest in the applications of catalysis, energy storage devices, and

sensors, due to their unique properties, such as large surface area and pore volume, well-defined porous
structures, and controllable components. In this introduction, the synthesis of mesoporous materials via
templating methods are firstly discussed. Different synthetic methods of mesoporous materials are
discussed with their advantages and disadvantages. Then, the importance of mesoporous materials is
exhibited in various applications, such as catalysis, energy storage devices, and sensors. Furthermore,
mesoporous materials can be used as the frameworks with high surface area to support metal nanoparticles.
These mesoporous supports offered high surface area for loading nanoparticles, and nanoconfinement to
avoid the aggregation of nanoparticles. These properties are essential in many catalytic applications.

1.2

Mesoporous materials
According to International Union of Pure and Applied Chemistry (IUPAC), mesoporous materials

are those materials with pore dimensions between 2 and 50 nm.[1] Mesoporous materials process unique
properties, such as large surface area, large pore volume, and tunable porous structures. The discovery and
synthesis of mesoporous materials started in 1990s. With the assistance of organic surfactants, and/or block
copolymers, ordered mesoporous materials (e.g., silica), such as FSM-16,[2] MCM-41,[3] and SBA-15,[4]
have been developed and widely used. Since then, much more efforts have been input into the study of
mesoporous materials.[5-11]
Generally, the synthesis of mesoporous materials requires the use of templates, which can be the
small molecular surfactants,[12] block copolymers,[13] and/or the hard mesoporous solids like silica or
carbon.[14] Besides these conventional templates, another novel template made by organosilicate containing
colloidal micelles became a promising strategy to synthesize the mesoporous materials with high
1

crystallinity.[15] Those methods, known as soft-templating, hard-templating, and colloidal-templating, are
summarized in Figure 1.1.

Figure 1.1 Schematic showing the synthetic methods of mesoporous materials and the merits/shortcomings
of each method. Adapted from reference [11]

1.2.1

Soft-templating method
Soft-templating method involves the use of soft matters such as amphiphilic surfactants and/or

block copolymers (BCPs) as the templates. These soft templates can interact with metal precursors and selfassemble to form ordered three-dimensional (3-D) arrangements during the sol-gel process. After removing
the templates by calcination, materials with ordered mesoporous structures can be obtained. In this
approach, the interaction between templates and metal precursors is essential for the ordered structures.
There are many synthetic approaches based on soft-templating, including aqueous synthesis and
evaporation-induced-self-assembly (EISA) process. For example, Huo et al.,[16] reported the first solutionphase synthesis of mesoporous metal oxides. The electrostatic complementarity between metal ions,
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surfactants head groups, and metal cations is the key to control the assembly process in solution. Following
these pioneering works, soft-templating method has been widely studied to synthesize mesoporous
materials with controllable pore size and nanostructures.[17]
The use of BCPs in soft-templating method paved a new way to synthesize mesoporous materials
with ordered porous structures. Zhao et al.,[4] firstly developed the use of amphiphilic triblock copolymers
(Pluronic P123) in the synthesis of mesoporous silica (SBA-15) with tunable pore size. Mesoporous silica
with well-ordered hexagonal structures can be prepared with controllable pore size from 5 nm to 30 nm.
This method opened the door to the controllable synthesis of mesoporous materials. Following that, Yang
et al.,[13, 18] extended the method to various non-siliceous metal oxides (e.g., TiO2, ZrO2, Nb2O5, Ta2O5,
Al2O3, SnO2, WO3, HfO2, etc.) using various Pluronic block copolymers templates (e.g., Pluronic P123,
Pluronic F127, etc.). In the Pluronic BCPs, the long poly(ethylene oxide) (PEO) chain plays the role to
coordinate with metal precursors. This facilitates the further co-assembly at the organic/inorganic
interfaces. Since then, much more mesoporous materials have been investigated using Pluronic BCPs.[19]
However, due to the weak thermal stability of Pluronic BCPs, the synthesis of ordered mesoporous
materials with crystalline frameworks, such as perovskites, is still challenging.[7]
Non-Pluronic amphiphilic BCPs offer another strategy in the soft-templating method. In general,
non-Pluronic amphiphilic BCPs contain hydrophilic blocks, such as PEO, poly(2-vinylpyridine), or poly(4vinylpyridine), and hydrophobic blocks, such as, polystyrene (PS), polyacrylonitrile (PAN), or
polyisoprene (PI).[7] These BCPs process a few advantages in the synthesis of mesoporous materials. First,
the BCPs are controllable on the components, block sequences, and molecular weights, which enable them
form various morphologies.[20] Secondly, with a higher molecular weight, BCPs can template the synthesis
of mesoporous materials with larger pore size and thicker walls.[21] The large pore size and thick walls allow
the functional particles and groups to be embedded into the walls of mesoporous materials,[22-23] and the
organization of pre-synthesized nanoparticles without disrupting the mesoporous structures.[24]
Furthermore, the BCPs contains sp2 hybridized carbon (such as PEO-b-PS), can be converted into
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mesoporous channels made by residual carbon to support the crystal mesoporous materials under the
calcination in the inert atmosphere.[25] The carbon residue can enhance the conductivity of the mesoporous
materials in the electrochemical applications.

1.2.2

Hard-templating method
The use of hard templates provides another strategy for the synthesis of mesoporous materials.[26]

Hard templates commonly are rigid mesoporous solids, such as mesoporous silica, which are synthesized
using soft-templating methods.[14] In a typical synthesis using hard-templating method, metal precursors
were first impregnated into the porous channels of templates. Then, the metal precursors are converted to
crystalline frameworks after high temperature annealing. Mesoporous materials can be obtained after
removing the hard templates. The hard-templating method was originated from the work by Martin in
1994.[27] In this work, porous Al2O3 membrane was used to template various materials such as polymers,
metals, semiconductors, and other materials on a nanoscopic scale. The synthetized materials preserved the
monodispersed nanocylinder structures from the membrane templates. However, this method is limited due
to the quality of porous membrane. Only simple porous structures with broad pore size distribution can be
obtained from the membrane.[26] Templates with highly ordered porous structure and uniform pore sizes
were still challenging.
Mesoporous silica (e.g., SBA-15 and KIT-6), processing the ordered mesoporous structures,
uniform pore sizes, and various porous architectures, becomes another promising candidate in hardtemplating method. The first report was by Ryoo, et al., who demonstrated the synthesis of ordered carbon
molecular sieves templated by mesoporous silica (MCM-48).[28] In this report, mesoporous silica was
impregnated in an aqueous solution of sucrose and sulfuric acid. The sucrose can be converted to carbon
under calcination in an inert atmosphere using sulfuric acid as the catalyst. The obtained mesoporous carbon
materials duplicated the ordered 3-D porous structures of the templates with a uniform mesopores of ~3
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nm. Following this pioneering work, various mesoporous materials, such as metal, metal oxides/sulfides,
have been synthesized using hard-templating method. For example, mesoporous chromium oxide (Cr2O3)
was prepared using H2Cr2O7 as the metal precursor and the (3-aminopropyl)triethoxysilane-modified SBA15 as the templates.[29] Zhao’s group further developed the synthesis of mesoporous metal oxides templated
by ordered mesoporous silica with cubic double gyroidal structure (space group Ia-3d). A series of metal
oxides, such as In2O3,[30] Co3O4,[31] MnxOy,[32] and CeO2,[32] were developed with ordered mesoporous
structures. In addition, hard-templating method also showed potential to synthesize mesoporous metal
sulfides. Liu et al.,[33] reported the synthesis of metal sulfides (CdS, ZnS, In2S3) using SBA-15 as the
templates via an impregnation reaction. In this synthesis, metal precursors (metal nitrates) and thiourea
(sulfur source) were introduced into the templates using one-step impregnation process. Yonemoto et al.,[34]
reported a general synthetic approach for mesoporous metal sulfides through an oxide-to-sulfide method.
First-row transition metal sulfides, such as FeS2, CoS2, and NiS2, can be synthesized with ordered
mesoporous structures.
Hard-templating method offers a universal strategy for mesoporous materials, from carbon to metal
oxides/sulfides. However, there are still existing challenges. First, the high quality of mesoporous materials
requires the full-filled templates by metal precursors.[26] However, it is inevitable that there are pieces of
metal precursors out of the porous structures. The nucleation of metal precursors outside of the templates
would cause the non-porous portion during the calcination process. Furthermore, the hart-templating is
complexed and time-consuming, which restrict the large-scale production.

1.2.3

Colloidal-templating method
As mentioned previously in 1.2.1, the poor thermal stability is the main drawback restricting the

use of soft-templating method, especially in the high temperature conditions. The carbonization of soft
templates can partially enhance the thermal stability, but the enhancement is still limited. One potential
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method to solve this challenge is to combine the soft templates with inorganic components, which process
an excellent thermal stability. For example, silicon can be converted to its oxide with good thermal stability.
By combining the inorganic fragments with polymer templates, the advantages from both soft templates
and hard templates can be obtained. Those templates containing inorganic cores and polymer tails are also
called colloidal templates. They have similar surface properties as soft template. In the colloidal-templating
method, the polymer tails on the surface play the role of coordinating the metal precursors and selfassembling to ordered nanostructures. The inorganic cores act as hard templates to stabilize the mesoporous
structure under high temperature annealing.
Colloidal templates provide excellent thermal stability, which is essential in the synthesis of various
mesoporous materials. For example, ordered mesoporous carbon with highly graphitic frameworks can be
prepared using oleylamine capped iron oxide NPs (OA-Fe3O4).[35] The OA-Fe3O4 NPS can form uniform
superlattice during self-assembly. After calcination at 1000 oC under argon, the graphite carbon frameworks
covered thermally stable Fe3O4 were formed. The ordered mesoporous graphene frameworks with ordered
mesoporous structures were obtained after removing the Fe3O4 by acid washing. Organosilicate-containing
colloidal micelles are another templates which can be used to synthesize mesoporous materials with highly
crystalline frameworks.[15] For example, the diblock copolymer of poly(ethylene oxide)-block-poly[3(trimethoxysilyl)propyl methacrylate] (PEO-b-PTMSPMA) can self-assemble to form colloidal micelles in
the water/ethanol mixture. The formed micelles contain polysilsesquioxane cores with a PEO shell to
coordinate with metal precursors during the sol-gel process. The polysilsesquioxane cores can convert into
rigid silica cores after annealing at high temperatures, which stabilize the mesoporous structures. The
mesoporous structures can be stable up to around 1000 oC in the air, which is extremely challenging for the
soft-templating method. Therefore, the colloidal method provides another strategy to increase the thermal
stability of mesoporous materials.
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1.2.4

Application
Mesoporous materials are widely used in the field of catalysis,[8] energy storage devices,[9, 36]

sensors,[37] and other emerging applications.[38] The promising properties of mesoporous materials, such as
such as high surface area, large pore volume, and controllable porous structures (pore size and wall
thickness), are important in those applications. The unique properties compared to their bulk and
nanoparticles counterparts also offer a promising system to investigate the structure-property relationships
in terms of porosity.
Since the MCM-41 materials, much more attentions have been attracted on the catalytic
applications of mesoporous materials.[39] Mesoporous materials process various properties that influence
the catalytic performance, such as surface area, pore size, crystallinity, components, surface function, etc.
For example, Dong et al.,[40] reported the mesoporous TiO2 for photocatalytic degradation. The mesoporous
TiO2 with high surface area and 3D interconnected mesostructures exhibited 7.20 times higher activity in
the degradation of acid red, compared to commercial TiO2. Liu et al.,[15] reported the mesoporous and
crystalline TiO2 for Rhodamine B (RhB) degradation. The activity of mesoporous TiO2 calcined at 800 oC
for 48 h was 1.7 times higher than that of commercial TiO2. The mesostructures and the interface of anatase
and rutile phases were proven to be the key for the high performance. Song et al.,[41] reported the improved
CO oxidation performance using crystalline mesoporous Co3O4. They demonstrated that the enhanced
catalytic activity was derived from both the large surface area and the surface oxygen vacancy in the
mesoporous materials.
Mesoporous structures are essential for the electron transfer and ion transport, which are two
essential steps in energy storage devices, such as supercapacitors. For example, mesoporous carbon acts as
the active materials in electrical double layer capacitors, in which charge adsorption/desorption on the
surface is essential for the capacitance.[36] Korenblit et al.,[42] reported the ordered mesoporous silicon
carbide-derived carbon materials for supercapacitors. The mesoporous carbon exhibited enhanced
capacitance, higher capacitance retention, and better energy and power characteristics, compared to the
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microporous carbon and commercial activated carbon materials. Mesoporous materials can also enhance
the reversible capacitance in pseudocapacitors, due to the larger surface area and the interconnected porous
structures. Brezesinski et al.,[43] investigated the capacitive performance of mesoporous MoO3 (mMoO3),
which exhibited a superior capacitive performance, compared to that of the amorphous mMoO3 and the
non-porous MoO3.
Mesoporous materials also show great potential in the application of sensors, especially in the gas
sensors.[37] Gas sensors reply on the interaction of gas molecules with the surface of materials. Therefore,
the mesoporous materials with large surface-to-volume ratio are promising candidates for gas sensors. For
example, Rossinyol et al., reported the mesoporous WO3 templated by KIT-6 for NO2 gas sensors. The
mesoporous WO3 showed a higher response rate and a lower response time, compared to the non-porous
WO3. The high surface area and the interconnected porous structures were proven to be the key for the
enhanced performance.

1.3

Mesoporous materials supported metal NPs (MSNPs)
Metal nanoparticles (NPs) have attracted numerous attentions in various applications such as

catalysis[44-47] and biosensors.[48] Generally, NPs with smaller size are much more promising due to the
existence of more active sites on the surface. However, small NPs suffered from the aggregation, which
easily cause the loss of activity. To address this issue, one strategy is to stabilize the NPs on a support with
large surface area.[49] Numerous materials have been investigated as the supports, such as metal oxides (e.g.,
TiO2,[50] SiO2,[51] Al2O3,[52] CeO2,[53] etc.), carbon,[54] and some porous materials (e.g., zeolites).[55] Various
factors, such as the size of NPs[56] and the metal-support interaction,[57] have been proven to be the key in
the stability of supported NPs. Therefore, how to preciously control the size and the metal-support
interaction is important in the design of synthesis of supported NPs.
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Mesoporous materials showed many promising merits as the supports for metal NPs. First,
mesoporous materials exhibit large surface area, tunable porous structures and controllable pore size, which
are essential for supporting metal NPs.[58] The large surface area offers more sites to load the metal NPs.
Supported NPs with high loading amount can be easily achieved. Second, the mesoporous structures can
effectively control the size of NPs and therefore avoid the aggregation of NPs due to the confinement of
mesopores.[59] Metal NPs thus show better stability when supported into the mesoporous frameworks. Third,
the mesoporous supports often provide unique properties in many applications, such as catalysis and
sensors. The interconnected porous channel facilitates the mass transfer during the catalysis to enhance the
catalytic efficiency.[60] Furthermore, mesoporous supports sometimes can achieve the control of selectivity
in catalysis via the steric effect, which is important in heterogeneous catalysis.[61]

Figure 1.2 Post-synthesis (a-b) and one-step synthesis (c-h) of MSNPs. (a) Scheme showing the synthetic
approach of Au/SBA-15 using post-synthesis. (b) TEM image of Au/SBA-15. (a-b) are reprinted with
permission from

[62]

. Copyright 2009 Elsevier Inc. (c) Scheme showing the synthetic approach of
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Au@mTiO2 using one-step synthesis. (d-e) TEM, (f) HR-TEM, (g) HAADF-STEM, (h) STEM EDS
mapping of Au@mTiO2. (c-h) are reprinted with permission from [63]. Copyright 2018 Wiley Materials.

1.3.1

Synthesis of MSNPs
The synthesis of MSNPs can be mainly classified into two types, one-step synthesis and post-

synthesis (Figure 1.2). In the post-synthesis, mesoporous materials are first prepared. Then, the NPs are
introduced into the mesoporous frameworks by adsorption-reduction of metal precursors, or physical
adsorption of as-prepared NPs. The synthesized MSNPs normally have weak interactions between NPs and
supports in the absence of any further thermal treatment.[62] On the other hand, one-step synthesis provides
a more convenient strategy to synthesize MSNPs. The NPs or the precursors are already existing during the
synthesis of mesoporous materials. However, the precious control of NPs is challenging in this strategy.
The post-synthesis of MSNPs is facile and universal since the mesoporous frameworks are wellprepared before the introduction of NPs. Mesoporous silica (e.g., MCM-41, SBA-15, KIT-6, etc.) is the
most common support due to the large surface area, controllable pore size and mesoporous structures, and
tunable surface properties.[64] One facile strategy to synthesize MSNPs is to impregnate the metal precursors
into the mesoporous supports, followed by the reduction to form the metal NPs into the mesoporous
frameworks. This is also called wet impregnation method. For example, Jiao et al.,[65] prepared SBA-16
supported NPs (Pd and Pt) with uniform size distribution via wet impregnation. The surface modification
on the mesoporous frameworks facilitates the adsorption of metal precursors, which help to form highly
dispersed NPs with high loading.[66-67] For example, the amine ligands modification on the mesoporous
silica was used to increase the adsorption of Au precursors, followed by forming AuNPs with high loading
and uniform size.[62] The as-prepared NPs can be also adsorbed on the wall of mesoporous frameworks
physically.[68-69] The surface modification of support can partially enhance the interaction with NPs and
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facilitate the formation of uniform NPs.[70-71] However, this approach is limited due to the restriction of NPs
size, pore size, and the low metal-support interaction.
One-step synthesis involves the metal precursors or metal NPs during the synthesis of mesoporous
materials. In this process, the specific interaction between precursors and templates is needed. For example,
Ma et al.,[72] used the block copolymer of poly(ethylene oxide)-block-polystyrene (PEO-b-PS) as the
templates and (1,5‐Cyclooctadiene)dimethylplatinum(II) (Pt(cod)(Me)2) as the precursors. Pt precursors
can be encapsulated into the PS core via hydrophobic interaction. After calcination, ordered mesoporous
structure with uniform Pt NPs can be obtained. Bifunctional ligands can be also used to form interaction
between

metal

precursors

and

mesoporous

supports.

For

example,

3-(2-

aminoethylamino)propyltrimethoxysilane (AAPTS) can act as the bifunction ligand to synthesize the
uniform AuNPs encapsulated into mesoporous silica frameworks.[73] The amine ligand can coordinate with
Au precursors while the silane end can hydrolyze on the surface of the mesoporous silica. Similar to the
post-synthesis, metal NPs can be also prepared at first, followed by a co-assembly procedure to form the
metal NPs/mesoporous framework hybrid materials. For example, Liu et al.,[59, 63,

74]

reported the co-

assembly approach to synthesize the AuNPs encapsulated into mesoporous transition metal oxides (e.g.,
WO3, SiO2, and TiO2). The key in this synthesis is to modify the NPs using a polymer with similar chemical
composition of corona chain in polymer micelles templates. This makes sure the uniform distribution of
NPs into the mesoporous frameworks. The precious control of the loading and size of NPs can be also easily
achieved using this method.

1.3.2

Application
Supported NPs, due to the nanoscale size and the intrinsic metal-support interactions, always show

the unique performance in various applications such as catalysis,[75] and sensors.[72] One interesting
phenomenon of supported NPs in catalysis was observed by Haruta et al. in Au/metal oxide system. They
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firstly discovered that the inert Au can be superior active for catalysis when the ultrafine Au NPs are
dispersed on the transition metal supports.[76] This finding unveiled the special potentials of supported metal
NPs in catalysis. Since then, much more efforts have been input in this field.
Small NPs with a large surface-to-volume ratio offer more active sites for catalysis.[46] However,
the poor stability of small NPs extremely limits the wide application. Mesoporous supports have become
the promising candidates to support NPs due to the optimal size control of NPs and the specific surface
properties for catalytic reactions.[58]. Carbon and metal oxides are the most common mesoporous materials
supporting NPs for catalysis.[59, 77-79] The mesoporous supports for NPs in catalysis have two advantages.
First, they process the enhanced activity while preserving an excellent stability of NPs avoiding from
aggregation and decay of activity. Ji et al.,[80] reported the synthesis of bimetallic nanoparticles less than
3.5 nm embedded into ordered mesoporous carbon supports (OMCs). The OMCs supported PtBi
nanocatalysts showed the high mass activity and superior stability in formic acid oxidation, compared to
previous reports. The mesoporous confinement can also increase the thermal stability of supported NPs.
The NPs aggregation is one common limitation during the catalysis, especially for those ultrasmall NPs.
When the NPs are supported on the plain substrates, the migration of NPs often occur, which causes the
growth of NPs into larger size. Although reports showed that the strong metal-support interaction can avoid
the aggregation of NPs in some cases, it is still a challenge in most of the cases. Liu et al.,[59] reported the
synthesis of thermal stable AuNPs in mesoporous frameworks. The three-dimensional confinement of
mesoporous structures can enhance the thermal stability of AuNPs up to 800 oC. The enhanced thermal
stability of catalysts is essential in the reactions which require high temperature, such as alkane
conversion.[81] Second, the specific surface properties of MSNPs can alter the reaction pathway and further
tuning the activity and selectivity. Fukuoka et al.,[79] reported the mesoporous silica supported Pt catalysts
for CO oxidation. The attack of OH groups at the internal surface of mesoporous silica toward CO on Pt
can promote the selective oxidation of CO in the presence of H2. The shape-selectivity is also observed in
MSNPs catalysts. For example, Cui et al.,[61] investigated the shape-selectivity of mesoporous silicalite-1
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supported Pd NPs in various reactions, such as selective hydrogenation, oxidation, and C-C coupling
reactions. The mesoporous structures promote the mass transfer of reactants while the micropores can
restrict the access of large molecules. A high yield (94%) of hydrogenation of nitrobenzene can be obtained
when mixture reactants of nitrobenzene and 1-nitronaphthanlene were used.
Besides the application in catalysis, MSNPs can also play important roles in sensors. For example,
Ma et al.,[72] reported the mesoporous WO3 encapsulated Pt NPs (WO3/Pt) for the CO gas sensors. Due to
the combination of high mesoporosity of WO3 and the chemical and electronic sensitization of Pt NPs, the
WO3/Pt exhibited a high sensitivity to CO (low to 100 ppm) at low temperature (125 oC) with fast responserecovery time (16 s/1 s).

1.4

Objectives
This dissertation aims at solving the challenges in the synthesis of mesoporous materials with

crystalline frameworks, in the forms of metal sulfides, complex oxides, and metal/metal oxides hybrids.
The porosity-derived structure-property relationships are investigated and the applications in catalysis and
supercapacitors is discussed. The specific objectives are summarized below:
i.

Investigate the synthesis of mesoporous complex oxides with excellent thermal stability and
study the ferromagnetic ordering temperature-mesoporosity correlation.

ii.

Investigate the synthesis of mesoporous metal/metal oxides hybrid materials and study the
metal-support interaction in catalysis.

iii.

Investigate the facile solid-phase sulfurization method to synthesize mesoporous metal sulfides
and study the performance in supercapacitors.
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Chapter 2.

Crystalline Mesoporous Complex Oxides: Porosity-Controlled Electromagnetic

Response

2.1

Abstract
A colloidal-amphiphile-templated growth is developed to synthesize mesoporous complex oxides

with highly crystalline frameworks. Organosilane-containing colloidal templates can convert into thermally
stable silica that prevents the overgrowth of crystalline grains and the collapse of the mesoporosity. Using
ilmenite CoTiO3 as an example, the high crystallinity and the extraordinary thermal stability of its
mesoporosity have been demonstrated at 800 °C for 48 h under air. This synthetic approach is general and
applicable to a series of complex oxides that have not been reported with mesoporosity and high
crystallinity, like NiTiO3, FeTiO3, ZnTiO3, Co2TiO4, Zn2TiO4, MgTi2O5, and FeTi2O5. Those novel
materials make it possible to build up correlations between mesoscale porosity and surface-sensitive
physicochemical properties, e.g., electromagnetic response. For mesoporous CoTiO3, there is a 3 K increase
of its antiferromagnetic ordering temperature, compared with that of non-porous one. This finding provides
a general guideline to design mesoporous complex oxides that allow exploring their unique properties
different from bulk materials.

2.2

Introduction
Complex oxides, such as perovskites, have been of tremendous interest in a broad range of

applications, e.g., superconductor,[82] catalysis,[83-85] and sensing.[86] Crystallinity is one of the key
parameters to control their physicochemical properties of nanostructured oxides.[87-89] However, there are
major challenges in synthesizing porous complex oxides with highly crystalline frameworks. [9, 11, 90-93] On
one hand, crystallization of complex oxides, in general, has associated kinetic barriers from the slow
diffusion in solids.[94] When there are two metal cations involved in crystallization of complex oxides like
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ABO3, their non-uniform distribution can result in spontaneous phase separation to form simple oxides.[95]
A delicate balance of their sol-gel rates and the precautious control of thermal annealing procedure is
needed. On the other hand, ordering competition between the crystallization of oxides and the mesoscale
porosity brings profound difficulties to synthesize complex oxides (e.g., perovskites and ilmenites) with
mesoporous structures. Crystallization usually leads to the formation of large crystalline grains that will
create strong interfacial energies between crystalline walls and pores (e.g., air or templates). For any
templated growth of mesoporous oxides using hydrocarbon-based surfactants or block copolymers (BCPs)
as soft templates,[96-98] mesoscale nanostructures collapse prior to the crystallization of oxides, [25, 99-100]
because these soft templates are not mechanically strong and thermally stable under elevated temperatures
(i.e., >500 °C).
Nanostructures show a profound impact on the magnetic properties of materials as well and a few
theoretical models have been proposed to understand magnetic behavior of nanoscale particles.[101-108] The
magnetic ordering temperature (Curie temperature or Néel temperature) in magnetic materials is highly
size-, strain-, and surface-sensitive.[101,

103, 109-114]

Many magnetic nanostructures exhibit unusual low-

temperature magnetic properties.[115-116] Nanoporous ferrite materials have also been reported to show
altered magnetic ordering.[117-119] For example, Okazki et al. investigated the magnetic properties of porous
NiZn ferrites prepared by hot pressing and they showed that the demagnetizing factor was almost
proportional to the porosity.[118] In addition, magnetic ordering of mesoporous spinel Co-based oxide
materials shows a dependence on both the specific surface area[120] and crystallite size.[121] Given the
synthetic challenges in preparation of crystalline, mesoporous complex oxides, the impact of mesoporosity
on the magnetic ordering temperature of an antiferromagnetic material has not been studied previously.
We herein report a colloidal-amphiphile-templated approach to synthesize the mesoporous
complex oxides with controllable porosity, crystallinity, and elemental components (Figure 2.1). We
demonstrate the strong correlation between mesoscale structures and the antiferromagnetic ordering. The
key findings in the current work are threefold. First of all, we resolved the synthetic challenges in thermal
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stability of templates. Hybrid colloidal amphiphiles consisting of organosilane moieties were used as
templates to grow mesoporous oxides with crystalline frameworks. Compared to hydrocarbon-based soft
templates, those hybrid polymers can preserve its mesoporous structure even at temperature as high as
900°C under air (extremely important in terms of metal-to-oxygen stoichiometry). Second, crystallization
of complex oxides was achieved in the context of porous solids. Eight different mesoporous complex oxides
were synthesized via thermal annealing at different temperatures. Balancing the strong interfacial energies
between crystalline walls and pores resulted in the formation of crystalline complex oxides with
mesoporosity. Third, the magnetic property shows a strong correlation to the mesoporosity. Using CoTiO3
as an example, we showed that the mesoscale porosity can shift its antiferromagnetic ordering temperature
by 3 K. Our method, therefore, provides a general strategy to synthesize titanates and other complexed
oxides that possibly enables the new understanding of the porous solids different from their bulk
counterparts.

2.3
2.3.1

Experimental Section
Chemicals
Citric acid (CA), titanium (IV) butoxide (TBT), titanium (IV) chloride (TiCl4), titanium (IV)

isopropoxide (TIPO), cobalt nitrate hexahydrate (Co(NO3)2·6H2O), nickel nitrate hexahydrate
(Ni(NO3)2·6H2O), copper nitrate trihydrate ((Cu(NO3)2·3H2O), zinc nitrate hexahydrate ((Zn(NO3)2·6H2O),
magnesium nitrate hexahydrate (Mg(NO3)2·6H2O), Iron (II) chloride anhydrate (FeCl2), cadmium acetate
dihydrate (Cd(CH3COO)2·2H2O), sodium hydroxide (NaOH), copper (I) bromide (CuBr), triethylamine
(TEA), monomethoxypoly(ethylene oxide) with molecular weight of 5 kg mol -1 (PEO114), poly(ethylene
glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123, Mn~5,800), N, N, N', N'', N''pentamethyldiethylenetriamine (PMDETA), 3-(trimethoxysiyl)propyl methacrylate (TMSPMA), anisole,
dichloromethane (CH2Cl2), n-hexane, and ethanol were purchased from Sigma-Aldrich and used without
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further purification unless otherwise noted. Deionized water (high-Q, Inc. 103S Stills) with a resistivity of >
10.0 MΩ was used in all experiments.
2.3.2
2.3.2.1

Materials Synthesis
Synthesis of Colloidal Amphiphilic Micelle Templates (CAMs)
The BCP of PEO-b-PTMSPMA was synthesized via atom transfer radical polymerization (ATRP)

as reported.[15, 122-123] Briefly, CuBr (34 mg, 0.24 mmol), TMSPMA (5 g, 20.1 mmol), PEO114-Br (0.5 g, 0.1
mmol), PMDETA (84 µL, 0.4 mmol), and anisole (5 mL) were added in to a 25 mL flask. The mixture was
degassed by freeze-pump-thaw and filled with N2 for three times. Then, the reaction was carried out at 65
o

C for 90 min. The as-prepared BCP was diluted with CH2Cl2, and then passed through a silica column to

remove the catalyst in the solution. The polymer was then purified via precipitating in n-hexane for three
times. 1H NMR was carried out and used to calculate the molecular weight of BCP.
The CAMs were prepared via the self-assembly of BCP in the mixture solvent of water/ethanol.
Typically, 3 g of BCP was dissolved into 90 mL of ethanol via stirring at room temperature for 1 h. Then,
110 mL of water was added dropwise into the above solution to induce the self-assembly. The mixture was
stirred for 2 h before adding the 1 mL of triethylamine (TEA). The mixture was further stirred for another
24 h to hydrolyze the PTMSPMA cores. Before using the micelle as the templates, dialysis in ethanol for 3
h was carried out to remove the water and TEA. The concentration of final micelle solution was controlled
to be 15 mg mL-1 by adding extra ethanol.

2.3.2.2

Synthesis of Mesoporous Titanium Dioxide (mTiO2)
The mTiO2 was synthesized via the EISA method using CAM as the templates.[15] Typically, 400

µL of as-prepared TiCl4 solution (10% in ethanol) was added into 5 mL of micelle solution (15 mg mL-1 in
ethanol), followed by stirring for 30 min. Then, 270 µL of TIPO was added into the above solution, followed
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by stirring for another 30 min. The obtained solution was then poured into a petri dish to evaporate the
solvent at 40 oC for 24 h and at 100 oC for another 12 h. The obtained solid was ground to fine power,
followed by calcination at 800 oC for 4 h with a ramp of 5 oC min-1. The calcined sample was washed with
hot 2 M NaOH (50 oC) for three times to remove the templates.

2.3.2.3

Synthesis of Mesoporous Metal Titanates
In the synthesis of mCoTiO3, 250 mg of CA was firstly dissolved in 2 mL of ethanol. 110 µL of

TBT and 93 mg of Co(NO3)2·6H2O were added into the mixture, followed by stirring to form a uniform
solution. Then, 5 mL of polymer micelles of PEO-b-PTMSPMA (15 mg/mL in ethanol) was added. The
mixed solution was stirred for 1 hr. The obtained solution was then poured into a Petri dish to evaporate the
solvent at 40 oC for 24 hr, and at 100 oC for another 12 hr. The collected solid was ground to fine power,
followed by calcination at specific temperature. mCoTiO3 was obtained after removing the templates by
washing with hot 2 M NaOH for three times.
mNiTiO3 and mZnTiO3 were synthesized using the same method, expect for using the
Ni(NO3)2·6H2O and Zn(NO3)2·6H2O instead of the Co(NO3)2·6H2O as the metal source. For FeTiO3, the
method with slight modification was applied. Typically, 130.9 mg of Fe(NO3)3·9H2O (0.324 mmol) was
dissolved in 1 mL of H2O under stirring. Another solution consisting of 250 mg of CA (0.648 mmol) in 1
mL of H2O was added into the previous solution. After 10 min, an ethanol solution with 110 µL of TBT,
43 µL of HCl was prepared and mixed with the previous solution, followed by stirring for another 30 min.
5 mL of CAMs templates was added into the solution and stirred for 3 h. The resulting solution was then
poured into a petridish to evaporate the solvent at 40 oC for 24 hr and at 100 oC for another 12 hr. The
collected red solid was then calcined at 700 oC for 4 hr, followed by removing the templates to form
mFeTiO3.
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mCo2TiO4, mZn2TiO4, mFeTi2O5, and mMgTi2O5 were synthesized using the similar method in the
synthesis of mCoTiO3. The amount of metal to CA was controlled to be 1:2 in mole.

2.3.3

Characterization
Scanning electron microscopy (SEM) images were carried out on a FEI Nova NanoSEM 450.

Transmission electron microscopy (TEM), High-angle STEM were carried out on a Talos F200X Atomic
Resolution Analytical Microscope. The pore size distribution and the wall thickness of materials were
measured and analyzed using ImageJ (version 1.52a). The X-ray diffraction (XRD) patterns were recorded
on a Rigaku Ultima IV diffractometer (Cu Kα1 radiation, λ=1.5406 Å) with operation voltage of 40 kV and
current of 44 mA. The small angle X-ray scattering (SAXS) patterns were conducted on a Bruker Nano
STAR instrument. Cu-Kα X-ray with the wavelength (λ) of 1.5418 Å was used with a sample-to-detector
distance of 68.0 cm to cover a scattering vector, 𝑞 ≡

4𝜋
𝜃
sin 2
𝜆

ranging from 0.012 to 0.32 Å-1. The N2

sorption was measured on a Micromeritics ASAP 2020 Surface Area and Porosity Analyzer. The pore size
distributions were derived from the adsorption branches of isotherms using Barrett-Joyney-Halenda (BJH)
method. The microporosity was further analyzed using Density Functional Theroy (DFT) method. The
Raman spectra were conducted on a Renishaw system 2000 with the laser wavelength of 514 nm. Proton
nuclear magnetic resonance (1H NMR) spectra were measured on a Bruker Avance 400 mHz spectrometer.
The UV-vis spectra were measured on a Shimadzu UV 2450 equipped with a single monochromatic system.
The X-ray photoelectron spectroscopy (XPS) was collected on a Thermo Scientific K-Alpha X-ray
photoelectron spectrometer.
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2.3.4

SAXS Analysis
The SAXS data analysis was performed on SasView 4.2.0. The SAXS fitting model is based on a

combination of two spherical particles with one representing the mesopores and the other stands for the
micropores. In addition, we also coupled a hard sphere structure factor to the form factor of mesopores to
generate the fitting equation. Therefore, the scattering intensity can be expressed as

𝐼(𝑞) = 𝑃1 (𝑞) × 𝑆1 (𝑞) + 𝑃2 (𝑞) + 𝐵𝐾𝐺

Here, P1(q) and P2(q) stands for the spherical form factor for the mesopores and micropores,
respectively. S1(q) is the hard sphere structure factor.
The form factor of the spherical particle can be presented in the following equation.
∞

𝜙𝑠𝑝ℎ

2
P𝑠𝑝ℎ (𝑞) = Δ𝜌𝑠𝑝ℎ
× ∫0 𝑓(𝑟𝑠𝑝ℎ ) × 𝑉

𝑠𝑝ℎ

× [3𝑉𝑠𝑝ℎ ×

𝑓(𝑟𝑠𝑝ℎ ) = (𝑧 + 1) 𝑧+1 (

sin(𝑞𝑟𝑠𝑝ℎ )−q𝑟𝑠𝑝ℎ cos(𝑞𝑟𝑠𝑝ℎ )

𝑟𝑠𝑝ℎ
)
𝑟̅̅̅̅̅
𝑠𝑝ℎ

(𝑞𝑟𝑠𝑝ℎ )3

2

] 𝑑𝑟𝑠𝑝ℎ

(S2)

(𝑧 + 1)𝑟𝑠𝑝ℎ
]
𝑟̅̅̅̅̅
𝑠𝑝ℎ
𝑟̅̅̅̅̅Γ(𝑧
+ 1)
𝑠𝑝ℎ

exp [−

where z = (1 − (𝜎/𝑟𝑠𝑝ℎ )2 )/(𝜎/𝑟𝑠𝑝ℎ )2, ϕsph and Vsph are the volume fraction and individual volume of the
spherical particle. rsph is the radius of the sphere. 𝜎 is the root mean square deviation from rsph.
Form the scattering data, we are able to extract the pore sizes of both meso- and micropores, size
distributions of the two pores, wall thicknesses for the mesopores, the volume fraction ratios between the
meso- and micropores, and the specific surface area ratios between the meso- and micropores. The wall
thickness is derived from the average distance between two pores from S(q) subtracting the average
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diameter of mesopores. The ratio of the meso-to-micro specific surface area was obtained from the ratio of
intensity plateau extracted by the I(q)×q4 vs q plot, where I(q) is the Pmeso(q) and the Pmicro(q).”

2.3.5

Electromagnetic Properties
The magnetic properties were measured by using a vibrating sample magnetometer (VSM) attached

to the Evercool Physical Property Measurement System (from Quantum Design Inc.). The temperature
dependent magnetic susceptibility was recorded under zero-field cooled (ZFC) and field cooled (FC)
conditions with an applied magnetic field of 50 Oe between 10 and 300 K. Applied magnetic field
dependent susceptibility data was taken at 5 K between ± 7 T and between ± 2 T at room temperature.

2.4

Results and Discussion
Mesoporous complex oxides were synthesized using evaporation-induced self-assembly (EISA)

with organosilane-containing colloidal templates, as illustrated in Figure 2.1. The templates were prepared
through

the

micellization

of

an

amphiphilic

BCP,

poly(ethylene

glycol)-block-poly(3-

(trimethoxysilyl)propyl methacrylate) (PEO114-b-PTMSPMA236, Mn = 63.6 kg mol-1) as reported previously
(Figure 2.2, see 2.3.2 for details).[15, 122-124] Using mCoTiO3 as an example, titanium butoxide (TBT) and
Co(NO3)2 (Ti:Co = 1:1, mol) were dissolved in an ethanol solution of citric acid (four equivalencies to
TBT), followed by adding the ethanol solution of colloidal templates. The mixed solution was stirred for 1
h at room temperature; and it was then evaporated at 40°C for 24 h, and at 100 °C for another 12 h. The
obtained gel was then calcined at 400-900°C for 4 h to form crystalline mesoporous CoTiO3, denoted as
mCoTiO3-T where T refers to the calcination temperature.
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Figure 2.1 Illustration of colloidal-template growth of mesoporous ilmenite CoTiO3.

Figure 2.2 (a) 1H NMR spectrum of PEO114-b-PTMSPMA236. Insert showed the peaks from PEO block and
PTMSPMA block used for calculating the repeating units. (b) TEM images, and (c) size distribution of asmade colloidal-amphiphile-micelles (CAMs) templates.
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The porosity of CoTiO3 was revealed by electron microscopy. Using mCoTiO3-800 as an example,
well-resolved mesoporous structures were seen from low-magnification scanning electron microscopy
(SEM) (Figure 2.3a). The pores are uniform throughout and the average pore size is around 12.2 nm
measured from the SEM image (Figure 2.3a-b). Figure 2.3c shows the dark-field scanning transmission
electron microscopy (STEM) where the contrast arises from the pore and the framework. The distribution
of Co, Ti, and O was examined using STEM energy-dispersive X-ray spectroscopy (STEM-EDS). The
mapping suggests the uniform distribution of Co, Ti and O (Figure 2.3e). The atomic ratio from STEMEDS was estimated to be 1:0.98:3.3, in close agreement with the stoichiometric ratio of CoTiO3 (Figure
2.4). High-resolution TEM (Figure 2.3d) displays the clear crystal lattices of CoTiO3. The d-spacings of
0.25 nm, 0.27 nm, and 0.37 nm were assigned to (110), (104), and (012) planes of ilmenite CoTiO 3,
respectively.[125-127]
The crystal structure of ilmenite mCoTiO3-800 was further confirmed by X-ray diffraction (XRD)
(Figure 2.3g). No extra diffraction peaks from other oxides, e.g., CoO, Co3O4, and TiO2, were seen (Figure
2.5). As a control, we prepared mTiO2 annealed at 800°C (mTiO2-800) using a similar method reported
previously (Figure 2.3g and 2.6).[15] Compared to the white power of mTiO2, mCoTiO3-800 showed a dark
green color (Figure 2.3f) with visible light adsorption in the range of 400-700 nm (Figure 2.7).The
crystallinity and the porous structures of mTiO2 and mCoTiO3 were compared. The crystal grain size of
TiO2 and CoTiO3-800 is 11.9 nm and 16.4 nm, respectively, from the Scherrer formula. mTiO2 has an
ordered porous structure with a pore size of 12.4 nm (Figure 2.6). Both N2 sorption isotherms of mTiO2800 and mCoTiO3-800 show a typical type-IV hysteresis loop as a characteristic for mesopores. The
Brunauer-Emmett-Teller (BET) specific surface area of mCoTiO3-800 is 53 m2 g-1 with a pore diameter of
13.0 nm; and mTiO2 has a slightly higher specific surface area of 73 m2 g-1 with a similar pore diameter of
13.0 nm. These results indicate the successful synthesis of mCoTiO3 with pure ilmenite phase and
mesoporosity.

23

Figure 2.3 Structural characterization of mCoTiO3-800. (a-b) SEM, and (c) dark-field STEM images
showing the mesoporous features of mCoTiO3-800. (d) HR-TEM image indicating the crystal structure with
clear crystal lattice from CoTiO3. (e) STEM-EDS mapping showing the uniform distribution of Co, Ti, and
O in mCoTiO3-800. (f) Photos and (g) powder XRD of mTiO2-800 and mCoTiO3-800. (h) N2 sorption
isotherms of mTiO2-800 and mCoTiO3-800. The insert in h shows the pore size distribution derived from
adsorption branches of isotherms.
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Figure 2.4 (a) STEM-EDS spectrum and (b) corresponded atomic ratio of mCoTiO3-800.

Figure 2.5 XRD pattern of mCoTiO3-800, compared with standard XRD patterns of TiO2 (rutile, black),
CoO (red), and Co3O4 (blue). TiO2: JCPDS No. 00-001-1292; CoO: JCPDS No. 00-001-1227; Co3O4:
JCPDS No. 00-001-1152.
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Figure 2.6 SEM images and corresponded pore size distribution of mTiO2-800.

Figure 2.7 Digital images of (a) mCoTiO3 gel, (b) mCoTiO3 without citric acid gel after EISA. (c) Dry gel
of mCoTiO3. (d) Dry gel of mCoTiO3 without citric acid. (e-f) UV-vis spectra (e) and optical band gap (f)
of mTiO2 and mCoTiO3-800.
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Small angle X-ray scattering (SAXS) was used to compare the porous structures of mTiO2-800 and
mCoTiO3-800 (Figure 2.8a). The scattering patter of mTiO2 shows a strong interparticle correlation that
results in the intense peak (q = 0.028 Å-1) and two oscillations (q = 0.057 and 0.088 Å-1). The high qscattering follows a q-4 decay, i.e., Porod scattering, originated from the scattering of order mesostructures.
The SAXS pattern of mCoTiO3, however, exhibits less Bragg-like intensity and fewer peaks implying its
less defined structure, while the q-4 Porod decay remains at high q. Those results suggest that, mTiO2 kept
a more defined porous structure compared to mCoTiO3 even at the same annealing temperature. A lessordered structure of mCoTiO3 as compared to that of mTiO2, is likely due to a higher weight shrinkage in
the formation of complex oxides with a much larger unit cell (Figure 2.9).

Figure 2.8 Digital images of (a) mCoTiO3 gel, (b) mCoTiO3 without citric acid gel after EISA. (c) Dry gel
of mCoTiO3. (d) Dry gel of mCoTiO3 without citric acid. (e-f) UV-vis spectra (e) and optical band gap (f)
of mTiO2 and mCoTiO3-800.
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Figure 2.9 TGA-mass spectra of the dry gel of mCoTiO3 (black) and mTiO2 (red).

There are two key parameters in our syntheses to resolve the synthetic challenges in the preparation
of mesoporous complex oxides with crystalline frameworks. First of all, the use of citric acid as an inhibitor
to control the hydrolysis rate of titanium precursor ensures the formation of the uniform ilmenite-type
crystallinity. The sol-gel reactivity of TBT and Co(NO3)2 is quite different. Citric acid that slows down the
hydrolysis of TBT ensures the uniform distribution of Co and Ti. In the absence of or with a low
concentration (< two equivalencies to TBT) of citric acid, phase separation occurred and impure phases
like TiO2 and Co3O4 were observed (see Figure 2.10-2.12). With a higher concentration of citric acid,
transparent gels were yielded which further converted into pure CoTiO3. Other inhibitors like acetylacetone
can be used as well to ensure the formation of CoTiO3 (Figure 2.13-2.14). Second, organosilane-containing
colloidal templates play an essential role in stabilizing the mesoporous structures with crystalline
frameworks. In the absence of colloidal templates, highly crystallized but non-porous CoTiO3 (denoted as
bCoTiO3) was yielded (Figure 2.15). The BET result confirmed a typical N2 isotherm of bulk materials with
a low specific surface area of 2.9 m2 g-1 (Figure 2.15). The formation of ilmenite-type CoTiO3 with a right
stereochemistry requires the thermal annealing at high temperature (e.g., 800 oC) under air. The use of soft
templates like hydrocarbon-based polymers (e.g., Pluronic P123) cannot stabilize the porous structures of
CoTiO3 (see Figure 2.16).
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Figure 2.10 XRD pattern of mCoTiO3 without citric acid showing impure phases from titanium oxide and
cobalt oxides. TiO2: JCPDS No. 00-001-1292; CoO: JCPDS No. 00-001-1227; Co3O4: JCPDS No. 00-0011152.

We evaluated the crystalline structure of mCoTiO3 annealed at different temperatures using wideangle XRD. No crystalline structure was seen when the annealing temperature was below 600 °C. Very
broad diffraction peaks appeared at 700 °C. The pure ilmenite phase of CoTiO3 can only be observed at >
800 °C (Figure 2.17a). This is somewhat different from pure TiO2 and Co3O4 that could crystalize around
400 °C.[15, 41, 128] Raman spectroscopy which is sensitive to the vibration modes of CoO6 octahedra even in
amorphous CoTiO3 was further used to investigate the formation of CoTiO3 crystallites (Figure 2.17b-c).
The more pronounced peak at ~694 cm-1 is assigned to the symmetric stretching mode of CoO6 octahedra
as the A1g symmetry for regular Oh octahedra.[129] The peak shows a slight shift to a higher frequency with
the increase of the annealing temperature (Figure 2.17b). Figure 2.17c plots the peak half width as a direct
measurement to confirm the crystallinity against the annealing temperature.[130-131] There is a gradual
transition from 700 °C to 900 °C where the peak at ~694 cm-1 became shaper along with the formation of
CoTiO3 as indicated in XRD patterns.
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Figure 2.11 Dry gel and XRD patterns of mCoTiO3 synthesized by different ratio of citric acid to M: (a-b)
0.5:1; (c-d) 1:1; (e-f) 2:1; (g-h) 4:1. The red arrows indicate the impurities of TiO2 and Co3O4.
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Figure 2.12 SEM images of mCoTiO3 with different ratio of citric acid to M: (a-b) 0.5:1; (c-d) 1:1; (e-f)
4:1.
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Figure 2.13 (a) Digital image of gel, (b) XRD pattern, (c-d) SEM images of mCoTiO3 synthesized by using
trimesic acid as the inhibitor. The red arrows indicate the impurities of TiO2 and Co3O4.

Figure 2.14 (a) Digital image of gel, (b) XRD pattern, (c-d) SEM images of mCoTiO3 synthesized by using
acetylacetone as the inhibitor.
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Figure 2.15 (a-b) SEM images of bCoTiO3-800. Smooth surface without clear porous structure can be seen.
(c) XRD pattern and (d) N2 sorption isotherms and the pore size distribution of bCoTiO3-800. bCoTiO3800 exhibited low surface area and high crystallinity.

Figure 2.16 (a) Digital image of gel, (b) XRD pattern, (c-d) SEM images of mCoTiO3 synthesized by using
P123 as the soft templates.
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Figure 2.17 Structural and crystallinity characterization of mCoTiO3-T. (a) XRD patterns, (b-c) Raman
spectra, (d) N2 sorption isotherms and (e) pore size distribution of mCoTiO3-T.
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The evolution of porous structures of mCoTiO3 was studied using SAXS (Figure 2.8a). The SAXS
patterns were best fitted with a sphere-packing model with a combination of two particles representing
mesopores and micropores, respectively (see 2.3.4 for fitting details). The calculated structural parameters
including the wall thicknesses, the volume fraction ratios, and the specific surface area ratios of the two
pores are listed in Table 2.1. The mesopores arising from colloidal templates are fairly stable below 800 °C.
The fitted diameter of mesopores is in the range of 7-9 nm, slightly smaller than that observed from electron
microscopy. The mesopores show a drastic size increase to 12 nm at 900 °C which is likely caused by the
overgrowth of crystallinities. Other than mesoporosity, there are microporous structures around 2 nm likely
from the distance of various crystalline domains, also confirmed by BET (see below). Qualitatively, the
volume ratio of micropores and mesopores showed the growth of crystalline domains that diminishes the
contribution from micropores. As summarized in Tables 2.1, the microporosity collapsed completely at >
800 °C along with the disappearance of high q scattering feature. A possible scheme is present in Figure
2.8b. Those results evidenced the crystallization mechanism of mesoporous CoTiO3 as well as the
importance of colloidal templates to preserve the mesoporosity.
N2 sorption isotherms were used to characterize the development of mesoporous structures under
thermal annealing in alignment with SAXS. As seen in Figure 2.17d, type-IV hysteresis isotherms loops
were seen for mCoTiO3-T calcined at 400-900 °C (see additional BET results in Figure 2.18). The specific
surface area and porosity were further summarized in Table 2.2. The pore size distribution derived from the
Barrett-Joyner-Halenda (BJH) method is in good agreement with the pore size measured from SEM images
(Figure 2.19-2.20 and Table 2.3). When the calcination temperature is below 800 °C, the isotherms show
the N2 absorption under a low pressure. This is indicative of the co-existence of micropores. The shift of
the hysteresis loop was seen along with the decrease of specific surface area. The specific surface area of
mCoTiO3-500 and mCoTiO3-700 is fairly close, 107 m2 g-1 and 101 m2 g-1, respectively. When the
calcination is above 800 °C, the specific surface area decreases. mCoTiO3-800 has a specific surface area
of 53 m2 g-1; while that of mCoTiO3-900 is 17 m2 g-1.
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Figure 2.18 (a) N2 sorption isotherm and (b) the pore size distribution of mCoTiO3-600.

Table 2.1 Porous properties of mCoTiO3 from SAXS

400 °C

500 °C

600 °C

700 °C

800 °C

900 °C

Diameter 1 (nm)

7.2 ± 0.02

9.2 ± 0.02

8.4 ± 0.02

7.4 ± 0.02

7.4 ± 0.02

12.0 ± 0.04

Wall Thickness (nm)

4.9 ± 0.02

4.1 ± 0.02

4.0 ± 0.02

4.5 ± 0.02

3.4 ± 0.02

7.3 ± 0.03

Volume Fraction

0.27 ± 0.00

0.29 ± 0.00

0.30 ± 0.00

0.29 ± 0.00

0.18 ± 0.00

0.18 ± 0.00

Diameter 2 (nm)

1.86 ± 0.06

2.4 ± 0.06

3.2 ± 0.04

4.4 ± 0.02

N/A

N/A

Polydispersity of

0.6 (Fix)

diameter 1a
Polydispersity of
diameter 2
Volume ratio of the two
holesb
Specific surface area
ratio between two pores
a

0.40 ± 0.00

0.54 ± 0.02

0.44 ± 0.00

0.24 ± 0.00

N/A

N/A

0.72

2.04

1.50

1.94

N/A

N/A

0.12

0.47

0.46

0.07

N/A

N/A

fixed to get a reasonable result for polydispersity of diameter 1 and diameter 2; b Vdiameter 1/Vdiameter 2.
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Table 2.2 Physical properties of metal titanates.
Surface area

Pore diameter

Pore volume

(m2 g-1)

(nm)

(cm3 g-1)

mTiO2-800

74

13.0

0.14

mCoTiO3-500

107

10.4

0.13

mCoTiO3-600

83

10.4

0.10

mCoTiO3-700

101

9.9

0.13

mCoTiO3-800

53

13.0

0.15

mCoTiO3-900

17

18.3

0.06

mNiTiO3-800

45

10.0

0.08

mCo2TiO4-800

69

8.4

0.13

Samples

Table 2.3 Porous properties of mCoTiO3 from BET and SEM images.

400 °C

500 °C

600 °C

700 °C

800 °C

900 °C

Diameter 1 (nm)a

9.3 ± 1.3

11.3 ± 1.3

10.0± 1.5

8.2 ± 1.5

12.2 ± 2.2

N/A

Wall thickness (nm)a

12.9 ± 2.4

18.1 ± 1.9

17.2 ± 2.0

17.7 ± 2.8

19.1 ± 2.2

N/A

Diameter 1 (nm)b

-

10.4

10.4

9.9

13.0

18.3

Diameter 2 (nm)b

-

< 3.5

<6

<6

< 3.5

< 3.5

Volume ratio of the two poresc

-

1.0

0.375

0.295

3.86

3.24

Diameter 1 is from mesopores and Diameter 2 is from ultrafine micropores from aggregation of crystal domains.

a

from SEM images; b from BET results, c Vdiameter 1/Vdiameter 2.

We further analyzed the porosity of mCoTiO3-T using the Density Functional Theory (DFT)
method to better understand the evolution of the two different pores, since the DFT method is a better
method to analyze microporosity. Those results are summarized in Figure 2.21 and Table 2.4. There is a
notable change of the volume ratio of two pores (meso-to-micro) along with an increase of annealing
temperature. Below 800 °C, the volume ratio of two pores (meso-to-micro) did not show an obvious change
and both pores contribute to the overall porosity. When the calcination temperature reached 800 °C the pore
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volume from micropores became almost negligible as the meso-to-micro ratio is around 15; that is, > 90%
of the pore volume measured from BET is from mesoporosity. The trend was more obvious for mCoTiO3900 where a major decrease of the specific surface area along with an increase of mesopore size
were also seen. This is very likely attributed to the growth of crystallite domains with the removal of
microporosity in between, as confirmed by SAXS analysis (Figure 2.8). Therefore, the improvement of
crystallinity resulted in the growth of crystallites and the collapse of micropores. The underlying mechanism
for the disappearance of microporosity results from the thermal stability of our colloidal templates.
Organosilane-containing colloidal templates underwent sol-gel chemistry and transformed into inorganic
silica under calcination. After the glass transition of residual silica at 900 °C, those colloidal templates are
not mechanically strong enough to prevent the overgrowth of CoTiO3 crystallites.

Table 2.4 Porous properties of mCoTiO3 derived from BET results using DFT method
500 °C

600 °C

700 °C

800 °C

900 °C

Diameter 1 (nm)

9.4

9.1

9.0

8.1

15.4

Diameter 2 (nm)

<4

<4

<4

<4

<4

3.8

2.8

2.6

15.8

47.7

Volume ratio of the
two poresa
a

Vdiameter 1/Vdiameter 2.

38

Figure 2.19 SEM images of mCoTiO3 calcined at different temperatures. (a-b) mCoTiO3-400; (c-d)
mCoTiO3-500; (e-f) mCoTiO3-600; (g-h) mCoTiO3-700; (i-j) mCoTiO3-900.
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Figure 2.20 Pore size distribution (mesopores) and wall thickness of mCoTiO3 calcined at different
temperatures. (a-b) mCoTiO3-400; (c-d) mCoTiO3-500; (e-f) mCoTiO3-600; (g-h) mCoTiO3-700; (i-j)
mCoTiO3-800. The pore sizes were measured from SEM images as shown in Figure 2.3 and 2.19.

Figure 2.21 Pore size distributions of mCoTiO3-T derived from N2 sorption isotherms using the DFT
method.
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The thermal stability of mCoTiO3-800 mesoporous structures was assessed by varying the
thermal annealing time at 800 °C (Figure 2.22-2.25). As confirmed by SEM, mCoTiO3-800 retained its
mesoporosity after calcination at 800 °C for 48 h. Raman spectra showed more vibrational peaks along with
the decrease of the peak half width at 694 cm-1 when increasing the calcination time (Figure 2.25). This is
attributed to a better crystallinity, in agreement with XRD results (Figure 2.23-2.24). The SAXS results
showed a low q peak at 0.038 Å-1 of mCoTiO3-800 calcined for 1-48 h. There was a shoulder peak at
0.071 Å-1 for mCoTiO3-800-1h; while it disappeared for longer thermal annealing treatments. The SAXS
results suggest the disordered mesostructure under long time calcination. The disordered mesostructure
confirms the ordering competition between the crystallinity and porosity of the frameworks.
Our synthetic approach can be extended to synthesize various mesoporous complex oxides with
different metal components and ratios (Figure 2.26-2.32). Crystalline titanates in the forms of MTiO3,
M2TiO4, and MTi2O5 were synthesized and exhibited mesoporous structures. For example, trigonal
mNiTiO3 (space group: R-3(148)), spinel mZn2TiO4 (space group: Fd-3m(227)), and orthorhombic
mFeTi2O5 (space group: Bbmm(63)) with well-defined mesoporous structures and crystal structure are
present in Figure 2.26, indicating the general synthetic method for metal titanates. The SAXS fitting results
also indicated the existence of mesopores and micropores (Figure 2.33, Table 2.5), consistent with the
results of mCoTiO3. Other titanates, such as mFeTiO3, mZnTiO3, mCo2TiO4, and mMgTi2O5 were also
prepared successfully and the results are summarized in Figure 2.27-2.30. Therefore, our colloidaltemplating method provides a general and powerful strategy to synthesizing different complexed oxides
with mesoporosity and crystallinity.
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Figure 2.22 SEM images of mCoTiO3-800 calcined at different annealing times. (a-b) 1 h; (c-d) 16 h, (e-f)
28 h (g-h) 48 h
42

Figure 2.23 (a) SAXS and (b) wide angle XRD patterns of mCoTiO3-800 calcined at different annealing
times.

Figure 2.24 Average grain size of mCoTiO3-800 calcined at different annealing times.

43

Figure 2.25 (a) Raman spectra and (b) Full width at half maximum of the Raman peak at 694 cm -1 of
mCoTiO3-800 calcined at different annealing times.

Figure 2.26 SEM images, SAXS, and XRD patterns of (a-d) mNiTiO3, (e-h) Zn2TiO4, and (i-l) FeTi2O5.
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Figure 2.27 (a-b) SEM images, and (c) XRD patterns of mFeTiO3.

Figure 2.28 (a-b) SEM images, (c) SAXS, and (d) XRD patterns of mZnTiO3.
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Figure 2.29 (a-b) SEM images, and (c) XRD patterns of mMgTi2O5.

Figure 2.30 (a-b) SEM images, (c) SAXS, and (d) XRD patterns of mCo2TiO4.
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Figure 2.31 (a) N2 sorption isotherm and (b) the pore size distribution of mNiTiO3-800.

Figure 2.32 (a) N2 sorption isotherm and (b) the pore size distribution of mCo2TiO4-800.

Figure 2.33 SAXS patterns of different metal titanates. The solid lines are the fitting curves.
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Table 2.5 Porous properties of metal titanates derived from SAXS.

Zn2TiO4

NiTiO3

ZnTiO3

FeTi2O5

Co2TiO4

Diameter 1 (nm)

10 ± 0.08

7.0 ± 0.02

8.2 ± 0.04

7.4 ± 0.02

5.4 ± 0.02

Wall Thickness (nm)

2.2 ± 0.22

4.0 ± 0.02

3.6 ± 0.03

5.9 ± 0.02

1.8 ± 0.03

Volume Fraction

0.30 ± 0.00

0.24 ± 0.00

0.35 ± 0.00

0.20 ± 0.00

0.06 ± 0.00

Diameter 2 (nm)

4.2 ± 0.02

4.2 ± 0.06

2.0 ± 0.02

3.8 ± 0.06

N/A

Polydispersity of

0.6 (Fix)

diameter 11
Polydispersity of
diameter 2
Volume ratio of the two
holes2
Specific surface area
ratio between two pores
1

0.46 ± 0.00

0.44 ± 0.01

0.79 ± 0.00

0.35 ± 0.01

N/A

1.19

3.75

3.36

4.12

N/A

0.41

1.67

1.00

1.37

N/A

fixed to get a reasonable result for polydispersity of diameter 1 and diameter 2; 2 Vdiameter 1/Vdiameter 2.

To understand the influence of mesoscale porosity on the magnetic properties of CoTiO3, the
temperature-dependent magnetic susceptibility (χ) of mCoTiO3 (annealed at different temperatures) and
bCoTiO3 (annealed at 800 ◦C for 4 h) were measured in the zero-field-cooling (ZFC) and field-cooling (FC)
modes. To perform the ZFC measurement (not presented here), the sample was cooled from 380 K down
to 10 K and then a dc magnetic field of 50 Oe was applied followed by measurement of magnetic
susceptibility vs. temperature (χ vs. T) while heating the sample. For the FC measurement, the sample was
cooled from 380 K to 10 K in an applied magnetic field of 50 Oe and the χ data was measured while cooling
(Figure 2.34). An anomaly is clearly seen in the FC data of all the samples (also in ZFC, which is not
presented here) that is associated with the Néel temperature (TN) of the antiferromagnetic (AFM)
material.[132-134] Here, TN is taken as the peak temperature in χ vs. T plot or temperature at which the
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temperature dependent 𝑑(𝜒)⁄𝑑𝑇 curve becomes zero (Figure 2.35 and Table 2.6). For bCoTiO3, TN was
observed at ~39 K. In AFM CoTiO3 single crystals, χ was reported to be anisotropic with TN at 36-38 K.[133135]

Since the transition temperature in bCoTiO3 is near the previously reported values for bulk CoTiO3,[134]

the transition is believed to be genuine and not due to any impurity (or adsorbed oxygen). As a comparison,
mCoTiO3-800 has a TN of ~42 K. Thus, it might be inferred that mesoscale porosity in CoTiO3 shifted the
AFM ordering temperature by ~3 K since the Co oxidation states of the two samples are identical (Figure
2.36). Lowering TN with reduced particle size has been observed in many oxides on the basis of finite size
effects.[101, 105] However, in the present case, mCoTiO3-800 with a crystal grain size of ~16 nm exhibit a
higher TN compared to that of bCoTiO3 with ~60 nm crystal grain size. Thus, particle/grain size alone cannot
explain the change in the magnetic behavior in mesoporous material here.
For T>TN (in the paramagnetic region, 50-380 K), 1/χ vs. T plots of all samples were fitted (Figure
2.34b) with the Curie-Weiss (CW) law,
χ = C/(T - Ɵ)
where C is molecular Curie constant, T is temperature, and Ɵ is the Weiss constant. The values
obtained from the fittings are presented in Table 2.6. For bCoTiO3, values of C from the slope and Ɵ from
the intercept were found to be 3.88 emu K Oe-1 mol-1 and -5.71 K, respectively. A negative value of Ɵ
confirms the dominant AFM exchange interaction in the present CoTiO3.[133, 136] From the C value, effective
paramagnetic moment (μeff) can be calculated using the equation,

𝜇𝑒𝑓𝑓 = √

3𝑘𝐵 𝐶
𝑛

where kB is Boltzmann constant and n is the number of magnetic ions per unit mass (n = Co/g as Ti4+ is
non-magnetic). As summarized in Table 2.6, bCoTiO3 had a μeff of 5.57μB. This value is higher than the
spin only value of 3.87μB for Co2+ (S=3/2) and lower than the total μeff with unquenched orbital moment
(6.63μB).[137] Experimentally, slightly higher values of μeff have been reported than the spin-only value.[133-
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135]

This indicates that the orbital moment of bCoTiO3 is left slightly unquenched. For mCoTiO3-800, the

CW fit yielded a value of μeff = 5.11μB, slightly smaller than that of bCoTiO3 annealed at the same
temperature. Increasing specific surface area in porous oxide here likely resulted in a smaller number of
spins per unit mass contribution to the total magnetization and μeff. However, mCoTiO3-800 exhibited
largest μeff among the porous samples, given the optimized crystallinity and the oxidation state of Co2+.

Figure 2.34 (a) Temperature-dependent field cooling magnetic susceptibility of mCoTiO3 annealed under
different temperatures and nonporous CoTiO3 measured under a field of 50 Oe. (b) Temperature
dependence of inverse magnetic susceptibility obtained from (a) and fitted by Curie-Weiss law represented
by solid lines.
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Figure 2.35 𝑑(𝜒)⁄𝑑𝑇 vs. T plots for bCoTiO3 and mCoTiO3 annealed under different temperatures.

Table 2.6 Néel temperature (TN), molecular Curie constant (C), Weiss temperature (Ɵ), and effective
magnetic moment (μeff) obtained from the magnetic measurements and Curie-Weiss fitting of the magnetic
susceptibility.
Samples

TN (K) C (emu K Oe-1 mol-1)

Ɵ (K)

μeff (μB)

mCoTiO3-700

38.9

2.27 ± 0.02

-17.74 ± 1.67

4.26 ± 0.01

mCoTiO3-800

42

3.26 ± 0.01

-13.14 ± 0.88

5.11 ± 0.01

mCoTiO3-900

40

2.61 ± 0.02

-1.31 ± 1.75

4.56 ± 0.02

bCoTiO3

39

3.88 ± 0.02

-5.71 ± 1.39

5.57 ± 0.02

It should be noted that mCoTiO3 calcined at different temperatures has different crystallinity and
pore sizes (or specific surface area). All mCoTiO3 samples obtained below 700 °C are amorphous and no
AFM ordering was observed. mCoTiO3-700 exhibited minimum crystallinity and lowest χ for T ≥ 25 K as
depicted in Figure 2.34a; while, mCoTiO3-800 shows a slightly higher χ compared to that of mCoTiO3-900.
At a low temperature, T < 25 K, there is a rise (or upturn) in the χ values of porous samples. This upturn is
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the largest for mCoTiO3-700, with least crystallinity. This upturn is attributed to some paramagnetic defects
such as uncoupled spins (Figure 2.37), mostly on the surface. The upturn in the χ values at low temperatures
in mCoTiO3-800 and mCoTiO3-900 shows a minimum upturn. Similar behavior has generally been
observed in nanomaterials, e.g., nanoparticles.[121, 138] As the size of nanoparticles is reduced, deviations
from bulk magnetic properties may appear due to surface magnetization effects and finite-size effects.[139]
In mesoporous materials, smaller crystallites (as in present mCoTiO3-700 and mCoTiO3-800) have been
found to result in large solid-solid interface (more grain boundaries), which also contributes to the
disruption of the AFM ordering in addition to the large specific surface area (solid-air interface).[121] The
distinction of individual effect of the two interfaces is not possible because both interfaces are present and
changing in the present mesoporous materials.

Figure 2.36 (a) Ti 2p and (b) Co 2p XPS spectra of bCoTiO3-800 and mCoTiO3-800.
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Figure 2.37 Magnetic hysteresis loops of mCoTiO3 and bCoTiO3 measured under 5 K.

The mesoscale porosity obviously raised the antiferromagnetic transition temperature of CoTiO3,
compared to its bulk counterpart;[140] however, the details of mechanism are currently unclear. Among all
porous CoTiO3, the TN of mCoTiO3-700 is lower than that of the other two samples. In ilmenite, a pair of
CoO6 and TiO6 octahedra share a face along c-axis;[135] but Co2+ is slightly larger than Ti4+. As shown in
Raman spectroscopy, the symmetric stretching mode of CoO6 octahedra assigned to the A1g model presents
a shift to higher frequencies when increasing the calcination temperature. This is indicative of the distortion
of CoO6 octahedra along the formation of crystalline CoTiO3. The influence of the lattice distortion of
ABO3-type oxides on their magnetic ordering temperature has been previously studied. In particular,
pressure on perovskite type manganites and orthochromites impacts both the volume of the unit cell and
the local structure that change their transport and magnetic properties.[141-143] The increase of MO6 (M = Co,
Cr and Mn) distortion had a positive dTN/dP suggesting that TN increases with the distortion of MO6
octahedra.[143] This explains TN of mCoTiO3-800 and mCoTiO3-900 is higher than that of mCoTiO3-700
(less distorted CoO6 octahedra). On the other hand, there is a large coercivity of magnetic ordering at
nanoscale.[139] In case of NiO, TN of its nanoparticles shows a scaling law,[144]
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𝐷
𝑇𝑁 (𝐷) = 𝑇𝑁 (∞)[1 − ( )−1/𝜈 ]
𝜉0
where 𝑇𝑁 (∞) and 𝑇𝑁 (𝐷) are the Néel temperature for the bulk and nanoparticles with a diameter of D, ξ 0
is the magnetic correlation length of the system at T = 0 K and ν is a critical exponent related to ξ0. At 700
o

C, mCoTiO3 has larger specific surface area and smaller crystal grain size compared to those of mCoTiO3-

800 and mCoTiO3-900. The magnetic ordering of such domains becomes more difficult, along with their
abundant surface defects.

2.5

Conclusion
To summarize, we demonstrate a colloidal-amphiphile-templated growth method to synthesize

mesoporous complex oxides (titanates) with crystalline walls. The use of organosilane-containing colloidal
templates can prevent the overgrowth of crystallinities and the collapse of the mesoporous structure of
complex oxides. Through the combination of scattering and electron microscopy, the evolution of
mesoporous/microporous structures while crystallizing the ilmenite-type titanates were investigated. Using
mCoTiO3 as example, we showed the growth of crystallinities while collapsing micropores and retaining
mesoprores at evaluated temperatures. Below 800 °C, mCoTiO3 has high specific surface areas of 83-107
m2 g-1 and amorphous frameworks; when annealing at 800 oC, mCoTiO3-800 displays reasonably high
specific surface areas of 53 m2 g-1 but crystalline frameworks. Our synthetic approach is general and
applicable to eight complex oxides with mesoporosity and high crystallinity. As a demonstration of
mesoscale porosity impacting with surface-sensitive physicochemical properties, mesoporous crystalline
CoTiO3 showed a shift in antiferromagnetic transition temperature compared to the bulk one. Our results
therefore illustrate new synthetic paradigms of mesoporous complex oxides that potentially show unique
properties not present in their bulk forms.
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Our method provides a general synthetic approach for preparing porous complex oxides that are
difficult to crystallize and form uniform/pure crystal phases through sol-gel chemistry. The design of
colloidal templates consisting of <10 wt% organosilane in the cores offers a solution to the thermal stability
of templates. Together with the balance of the sol-gel rate of metal ions, the formation of uniform complex
oxides with crystalline frameworks is demonstrated. The colloidal templates can stabilize the mesoporous
structures at high annealing temperature, very importantly under air as a key to control the oxygen
stoichiometry in the resultant complex oxides. Our synthetic methods can be extended to a library of other
complex oxides (or ceramics) not limited to titanates, e.g., orthoferrite and lanthanum barium copper oxide,
possessing unique porous structures; and those oxides are potentially applicable in many fields, such as
(photo)catalysis, energy storage, superconductors and sensing. Their mesoporous structures with high
specific surface area provide abundant accessible surface sites that are of key importance for such
applications. For example, lanthanum orthoferrite is one of the promising p-type semiconductors with a
narrow band gap of 2.1 eV; and can be used as a photocathode to catalyze the photoreduction of water.[145]
The balance of porosity and crystallinity in those photocatalysts is crucial but remains as a grand challenge
in conventional templating syntheses. The further use of our synthetic method will provide a powerful tool
to prepare new porous materials with superior performances.
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Chapter 3.

Highly Crystalline Mesoporous Titania Loaded with Monodispersed Gold

Nanoparticles: Controllable Metal-Support Interaction in Porous Materials

3.1

Abstract
We report the syntheses of mesoporous Au/TiO2 hybrid photocatalysts with ordered and crystalline

frameworks using co-assembly of organosilane-containing colloidal-amphiphile-micelles (CAMs) and
poly(ethylene oxide)-modified gold nanoparticles (AuNPs) as templates. The assembled CAMs can convert
to inorganic silica during calcination at elevated temperatures, providing extraordinary thermal stability to
preserve the porosity of TiO2 and the nanostructures of AuNPs. Well-defined AuNPs supported within
mesoporous TiO2 (Au@mTiO2) can be prepared using thermal annealing at temperatures up to 800 oC. High
temperature treatment (≥ 500 oC) under air is found to not only improve the crystallinity of TiO2 but also
induce oxidative strong metal-support interactions (SMSIs) at Au/TiO2 interfaces. For oxidative SMSIs,
the surface oxidation of AuNPs can generate positively charged Auδ+ species while TiO2 gets reduced
simultaneously. Using photocatalytic oxidation of benzyl alcohol as a model reaction, Au@mTiO2 calcined
at 600 oC for 12 h exhibited the best activity under UV irradiation while Au@mTiO2 calcined at 600 oC for
2 h showed the best activity under visible light. The delicate balance between the crystallinity and porosity
of TiO2 and the SMSIs at Au-TiO2 interfaces is found to impact the photocatalytic activity of these hybrid
materials.
3.2

Introduction
Gold (Au) nanocatalysts supported on oxides are of broad interest in heterogeneous catalysis to

mediate various chemical transformations, including CO oxidation,[76, 146-148] water-gas shift,[149-150] alcohol
oxidation,[151-152] and selective hydrogenation.[153-154] Oxide supports have proven to play a critical role in
controlling the thermal stability and the catalytic activity of supported Au nanoparticles (AuNPs).[75, 147, 155]
Among many oxides, inexpensive and photocatalytically active titania (TiO2) has been used extensively to
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support AuNPs in previous literatures.[11, 148, 151, 153-154, 156] Au/TiO2 catalysts can be prepared by physical
adsorption of pre-synthesized AuNPs,[157-158] deposition-precipitation on TiO2 substrates,[148,

156]

and

encapsulation of AuNPs in well-resolved nanostructures like core-shell,[159-160] yolk-shell,[161-162] and Janustype[163]. As supports of noble metal nanocatalysts, mesoporous materials are superior in terms of their
mesoscale porosity (pore diameter 2-50 nm) which offers large surface areas and enhanced mass transport
of substrates. Enhanced photocatalytic activity has been documented previously using mesoporous TiO2 as
a support for AuNPs.[164]
Unlike many redox-active oxides, e.g., Fe2O3,[76, 146] CeO2,[152] and MnO2,[146, 165] the electronic
interaction between Au and TiO2 is rather poor as a result of weak charge transfer.[166] As such, AuNPs
supported on TiO2 always suffer from aggregation and sintering at elevated temperatures.[155, 167] The
formation of strong metal-support interactions (SMSIs) between Au and TiO2 becomes critical in control
of not only their catalytic activities but also the stability of AuNPs to increase the lifetime of these expensive
noble metal nanocatalysts.[167-169] Dai and co-workers recently reported the use of a sacrificial carbon layer
to stabilize AuNPs supported on TiO2, while raising temperature to enhance metal-support interactions
between Au and TiO2.[170] They showed that the formation of SMSIs at the interfaces of Au/TiO2 could
largely enhance the thermal stability of AuNPs and prolong the lifetime of Au nanocatalysts.
Our group recently demonstrated the synthesis of thermally stable mesoporous oxides with highly
crystalline walls using organosilane-containing colloidal-amphiphile-micelles (CAMs) as templates.[15, 124]
CAMs templates made through micellization of poly(ethylene oxide)-block-poly(3-(trimethoxysilyl)propyl
methacrylate) (PEO-b-PTMSPMA),[15,

124]

can convert to inorganic silica. Unlike hydrocarbon-based

polymer templates, CAMs have significantly better thermal stability under air; and they can therefore
template the growth of mesoporous oxides with highly crystalline walls. When co-assembling with
polymer-modified AuNPs,[59, 74] pre-synthesized AuNPs with well-defined sizes could be encapsulated into
mesoporous oxides. Since SMSIs in Au/TiO2 are unfavorable thermodynamically at low temperature,[166]
we can use thermally stable CAMs as templates to prepare well-defined AuNPs supported within
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mesoporous TiO2 (Au@mTiO2). Given the thermal stability of CAMs, those hybrid catalysts allow to
control the SMSIs at the interfaces of Au/TiO2 under high-temperature annealing while preserving the
porosity of TiO2 and the nanostructure of AuNPs. In this study, oxidative SMSIs are found when the thermal
treatment temperature of Au@mTiO2 is higher than 500 oC. The effect of the oxidative SMSIs of Au/TiO2
on its photocatalytic activity has been investigated using photocatalytic oxidation of benzyl alcohol as a
model reaction. We expect that our results will provide a general guideline to design metal-oxide hybrid
catalysts with oxidative SMSIs as a means to explore their roles in heterogeneous photocatalysis.

3.3
3.3.1

Experimental Section
Chemicals
Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4·3H2O, >99%), trisodium citrate, titanium (IV)

chloride (TiCl4), titanium isopropoxide (TIPO), monomethoxy poly(ethylene oxide) (PEO45-OH,
Mn~2,000; and PEO114-OH, Mn~5,000), N,N,N′,N″,N″- pentamethyldiethylenetriamine (PMDETA)
(>99%),

3-mercaptopropionic

acid

(3-MPA),

N,

N’-dicyclohexylcarbodiimide

(DCC),

4-

(dimethylamino)pyridine, 2-bromoisobutyryl bromide, copper(I) bromide (CuBr), triethylamine (TEA), 3(trimethoxysiyl)propyl methacrylate (TMSPMA), anisole, dichloromethane (CH2Cl2), hexane, and ethanol
were purchased from Sigma-Aldrich and used without further purification unless otherwise noted. Styrene
(99%) was passed through a basic aluminum oxide column prior to use. Deionized water (High-Q, Inc.
103S Stills) with a resistivity of >10.0 MΩ was used in all experiments.
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3.3.2
3.3.2.1

Materials Synthesis
Synthesis of Amphiphilic Block Copolymers of PEO-b-PTMSPMA
Thermally stable BCP of PEO-b-PTMSPMA was prepared via atom transfer radical polymerization

(ATRP) according to the reported procedure.[15,

124, 171]

The macroinitiator of PEO114-Br was firstly

synthesized according to the reported procedure.[123] In a typical synthesis, CuBr (116 mg, 0.8 mmol),
TMSPMA (20 g, 80.6 mmol), PEO114-Br (2 g, 0.4 mmol), PMDETA (0.334 mL, 1.6 mmol) and anisole (16
mL) were mixed into a 100 mL flask. The reaction mixture was degassed by three freeze-pump-thaw cycles
and then filled with N2. The flask was then placed in a pre-heated oil bath at 65 oC for 90 min. After
polymerization, the reaction was stopped by cooling the reaction mixture to room temperature. The mixture
was then diluted with dichloromethane (DCM) and passed through a SiO2 column to remove the catalysts.
The polymer solution was then concentrated and precipitated in n-hexane two times. Mn, NMR estimated from
1

H NMR was 60.4 kg mol-1. The repeating unit of PTMSPMA was calculated to be 223 using the PEO114

block as the internal standard, yielding the BCP of PEO114-b-PTMSPMA223.

3.3.2.2

Synthesis of Thermally Stable CAMs Templates
The hybrid CAMs were prepared via the self-assembly of PEO114-b-PTMSPMA223 in a mixed

solvent of ethanol and water to induce the hydrolysis/polycondensation of silane moieties in PTMSPMA
blocks. In a typical experiment, 3 g of PEO-b-PTMSPMA was first dissolved in 100 mL of ethanol under
sonication for 30 min, and then stirred for 1 h at room temperature. Subsequently, 100 mL of H 2O was
added dropwise into the above solution within 2 h to induce the self-assembly of BCP. After stirring for
another 2 h, 2 mL of trimethylamine was added to the above solution and kept stirred for 24 h to hydrolyze
the PTMSPMA cores. Lastly, CAMs were then dialyzed against ethanol for 3 h to remove water and
triethylamine. The final concentration of BCP micelles in ethanol was controlled to be ~15 mg mL-1.
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3.3.2.3

Synthesis and Surface Modification of AuNPs
AuNPs with an average diameter of 14 nm (Au14) were prepared using the sodium citrate reduction

method.[59, 74] In a typical synthesis, 100 mg of HAuCl4·3H2O was first dissolved in 0.5 L of water and
heated to boiling under stirring. 30 mL of sodium citrate solution (1 wt%) was injected into the above
solution, and further refluxed for 30 min. The surface modifications of AuNPs was performed as reported
elsewhere.[59] Typically, 200 mL of the as-made AuNPs solution was first concentrated using centrifugation
and then added to 10 mL of PEO-SH aqueous solution (1 mg mL-1) under vigorous stirring. The mixture
solution was then stirred overnight to allow the ligand exchange. The modified AuNPs were purified by
centrifugation and then dispersed in ethanol at a concentration of 1 mg mL-1.

3.3.2.4

Synthesis of Au@mTiO2
Au@mTiO2 was synthesized using a co-template-directed method by an evaporation-induced self-

assembly approach. In the typical synthesis, 5 mL of CAM solution (15 mg mL−1) was mixed with 40 μL
of TiCl4 and 270 μL of TIPO, followed by adding 1 mL of Au-PEO solution (1 mg mL−1). Following further
stirring for 1 h, obtained homogeneous solution was poured into a petri dish to evaporate ethanol at 40 oC
for 24 h; and then 100 oC for 12 h to completely evaporate the residual solvent. The as-made hybrids were
further calcined at different temperatures for 2 h with a ramp of 2 oC min-1, to crystalize the mesoporous
framework. As a comparison, pure mTiO2 was synthesized using the same procedures without the addition
of Au-PEO.

3.3.3

Characterization
Transmission electron microscopy (TEM) and High-resolution TEM (HRTEM) studies were

carried out using a JEOL 2010 transmission electron microscope with an accelerating voltage of 200 kV.
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Scanning TEM (STEM) mapping and high angle annular dark-field scanning TEM (HAADF-STEM) were
performed using a Talos F200X Atomic Resolution Analytical Microscope. TEM and STEM samples were
prepared by casting the suspension of the samples on a carbon-coated copper grid (300 mesh). The X-ray
diffraction (XRD) patterns were collected on a Rigaku Ultima IV diffractiometer (Cu Kα radiation,
λ=0.15406 nm) with an operating voltage of 40 kV and an operating current of 44 mA. The X-ray
photoelectron spectra (XPS) surface analyses were performed on a PHI model 590 spectrometer with
multiprobes (Physical Electronics Industries Inc.) using Al Kα radiation (λ = 1486.6 eV) as the radiation
source. Binding energies (BEs) were measured for C 1s, O 1s, N 1s and Au 4f. The XPS spectra obtained
were analyzed and fitted using CasaXPS software (version 2.3.12). Sample charging effects were
eliminated by correcting the observed spectra with the C 1s BE value of 284.6 eV. The powder samples
were pressed on carbon tape, mounted on adhesive copper tape and stuck to a sample stage placed in the
analysis chamber. 1H NMR spectroscopy was performed on a Bruker Avance 400 MHz spectrometer.
Electron paramagnetic resonance (EPR) spectroscopy was carried out using a Bruker EMX CWmicrospectrometer with perpendicular mode at room temperature. The Brunauer-Emmett-Teller (BET)
surface area of catalysts was measured using a Quantachrome Autosorb-1-C automated N2 gas adsorption
system. Fifty milligrams of samples were degassed at 150 °C for 12 h to remove water and other physically
adsorbed species. Transient photocurrent response was measured on a CH Instrument 627E electrochemical
workstation. Saturated calomel electrode (SCE) and Pt wire were used as reference electrode and counter
electrode, respectively. 0.1 M Na2SO4 solution was used as the electrolyte. The photocurrent response was
measured under the UV light (320-390 nm) and visible light (500-600 nm) generated from a Fiber-lite series
180 illuminator with specific filter

3.3.4

Photocatalytic Oxidation of Benzyl Alcohol
The Benzyl alcohol oxidation was tested under visible light (500-600 nm), and ultraviolet light

(320-390 nm) irradiation using an OmniCure S1500 (200 Watt mercury Arc). In a typical BAOR, 260 μL
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of benzyl alcohol was added to a mixture of 10 mg of photocatalysts and 5 mL of toluene in a 25 mL flask
under dark condition. O2 was bubbled into the above solution at a flow rate of 100 mL min-1. After stirred
for 5 min, the UV or visible light was irradiated to start the oxidation reaction. During the reaction, 20 μL
of the solution was collected every hour for GC-MS measurements. The GC-MS analysis was performed
on an Agilent 7820A GC system connected with a mass spectrometer of 5975 series MSD from Agilent
Technologies and a nonpolar cross-linked methyl siloxane column with dimensions of 12 in × 0.20 mm ×
0.33 μm was used. The column starting temperature was 40 oC, then ramped at 8 oC min-1 to an ending
temperature of 270 oC. The catalytic performance was also cross-examined using proton nuclear magnetic
resonance (1H NMR) with 1,4-dioxane as an internal standard.
The quantum yield of photocatalysts was estimated based on the produced benzaldehyde and the
amounts of incident photons in the reaction system. The light intensity after passing through a 365 nm filter
was measured to be 2.05 mW cm-2, with an effective area of ~4 cm2. The yield of benzaldehyde was
measured to be 4.96% for Au@mTiO2-600, and 2.08 % for mTiO2 after 4 h reaction. The quantum yield
can be calculated using the following equation:[172]
Quantum yield (ƞ) = 2Nbenzaldehyde/Nphotons
where Nbenzaldehyde and Nphotons are the numbers of produced benzaldehyde molecules and absorbed photons,
respectively.
Take Au@mTiO2-600 as an example, Nbenzaldehyde was calculated as follows,

𝑁benzaldehyde =

𝑛𝑏𝑒𝑛𝑧𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 × 𝑁𝐴 2.50 × 4.96% × 10−6
=
= 5.19 × 1012 𝑠 −1
𝑡
4 × 3600 𝑠

where nbenzaldehyde, NA, and t are the mole number of benzaldehyde, Avogadro constant, and the reaction time,
respectively.
The energy (Etotal) from light irradiation was calculated as follows,
𝐸𝑡𝑜𝑡𝑎𝑙 = 2.05 × 10−3 𝑊 𝑐𝑚−2 × 4 𝑐𝑚2 = 8.2 × 10−3 𝐽 𝑠 −1
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Nphotons at 365 nm was calculated as follows,

𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠 =

𝐸𝑡𝑜𝑡𝑎𝑙
𝐸𝑠𝑖𝑛𝑔𝑙𝑒 𝑝ℎ𝑜𝑡𝑜𝑛

8.2 × 10−3 𝐽 𝑠 −1
=
= 1.5 × 1016 𝑠 −1
5.44 × 10−19 𝐽

The quantum yield was then calculated as follows,

𝜂=

2 × 𝑁benzaldehyde
5.19 × 1012
× 100% =
× 100% = 0.069%
𝑁𝑝ℎ𝑜𝑡𝑜𝑛𝑠
1.5 × 1016

The quantum yield of mTiO2-600, calculated using same method, is 0.029%.

3.4
3.4.1

Results and Discussion
Synthesis and Structural Characterization
Au@mTiO2 hybrids were synthesized via the co-assembly of CAMs and AuNPs using evaporation-

induced self-assembly (EISA) (Figure 3.1a). CAMs were prepared through the self-assembly of PEO114-bPTMSPMA236 (Figure 3.2) in a water/ethanol mixture (1:1, vol),[15, 122] followed by dialysis against ethanol
prior to use. AuNPs were synthesized via a wet-chemical reduction with sodium citrate as reported
previously.[173] Modification of AuNPs with thiol-terminated poly(ethylene oxide) (PEO45-SH, molecular
weight 2000 g mol-1) was carried out in water through ligand exchange.[174-175] PEO-modified AuNPs (AuPEO) have similar core-shell structures and dimension as CAMs templates,[63] which ensure the coassembly of CAMs of Au-PEO and PEO-b-PTMSPMA. In addition, the PEO corona of AuNPs provide the
colloidal stability in various solvents, e.g., ethanol or water in the presence of metal salts. In a typical
synthesis of Au@mTiO2, 5 mL of the ethanol solution of CAMs (15 mg mL-1) (Figure 3.2) was first mixed
with titanium chloride (TiCl4) (40 μL) and titanium isopropoxide (TIPO) (270 μL), followed by adding the
ethanol solution of Au-PEO (varied for different Au loading amounts) under stirring. After stirring for 1 h,
the mixture solution was poured into a petri dish and dried in an oven at 40 oC for 24 h and at 100 oC for
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another 12 h to complete the co-assembly and the sol-gel chemistry of titania. As-resulted transparent, red
solid was then calcined at different temperatures to produce crystalline TiO2 framework loaded with AuNPs
(see 3.3.2 for experimental details). In this process, the CAMs were further converted to silica-like oxides
that are thermally stable and mechanically strong. The thermal stability is necessary to maintain the
mesoporosity while forming the SMSIs without the collapse of pores.[176] Au@mTiO2 catalysts with
controllable SMSIs were achieved via varying the calcination temperatures and calcination time. All
samples were denoted as Au@mTiO2-T, where T is the calcination temperature.

Figure 3.1 Synthesis and structural characterization of Au@mTiO2-800. (a) Illustration showing the
synthetic approach of Au@mTiO2: (i) co-assembly of CAMs of PEO-b-PTMSPMA and Au-PEO templates
in the presence of titanium sources; (ii) calcination at high temperatures to form mesoporous and crystalline
TiO2 frameworks; and (iii) removal of residual SiO2 templates to release the pores. (b) SEM, (c, d) TEM,
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(e) HR-TEM, and (f) HAADF-STEM images of Au@mTiO2-800. Inserted in (b) is a picture of Au@mTiO2800. The dashed circles in (d) indicate AuNPs. (g) STEM-EDS mapping results of Au@mTiO2-800
showing the distribution of Au (red) within Ti (green) and O (blue).

Figure 3.2 (a) 1H NMR spectrum of PEO-b-PTMSPMA. (b) SEM image, and (c) corresponded size
distribution of CAMs templates.

Taking Au@mTiO2-800 as an example, we characterized its porous structures and the distribution
of AuNPs using electron microscopy (Figure 3.1b-g). Uniform mesoporous structures can be seen from
low-magnification scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
images in Figure 3.1b-c. The average size of the mesopores is around 13.6 nm (Figure 3.3). Aggregation65

free AuNPs were well-dispersed in the mesoporous frameworks (Figures 3.1c-g). The powder sample of
Au@mTiO2-800, different from Au supported on mesoporous silica,[59] appeared to be dark brown that was
attributed to the metal-oxide interaction. The high-resolution TEM (HR-TEM) image showed the crystal
facets of AuNPs and TiO2 frameworks (Figure 3.1e). The d-spacings of 0.24 nm and 0.36 nm were
originated from the (111) facet of cubic Au and the (101) facet of anatase TiO 2, respectively. The
mesoporous structures with well-dispersed AuNPs were further supported by high-angle annular dark-field
scanning TEM (HAADF-STEM) image as shown in Figure 3.1f. AuNPs having a brighter contrast were
homogeneously embedded into the mesoporous frameworks of TiO2. The size of AuNPs is around 14.3 nm,
comparable to that of the as-synthesized AuNPs (Figure 3.4). STEM energy-dispersive X-ray spectroscopy
(STEM-EDS) mapping further confirmed the homogeneous dispersion of AuNPs within mTiO2. The
contrast of Au (red) dispersed within the elements of Ti (green) and O (blue) suggests the encapsulation of
AuNPs within the mTiO2 frameworks. The loading of Au was estimated to be 0.97 wt% relative to TiO 2
frameworks from STEM-EDS (Figure 3.5), close to the feeding amount (1 wt%). These results clearly
demonstrate the successful synthesis of thermally stable AuNPs confined within mesoporous TiO2 with
crystalline walls.
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Figure 3.3 (a-b) SEM images and (c) corresponded pore size distribution of Au@mTiO2-800.

Figure 3.4 (a-b) TEM images of as-made AuNPs. (c) Size distribution of AuNPs.
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Figure 3.5 STEM-EDS spectrum of Au@mTiO2-800. The loading amount of Au was estimated to be 0.97
wt%.
The pore structures of Au@mTiO2 prepared at different temperatures in the range of 350 oC to 900
o

C were further compared using electron microscopy (Figure 3.6). When the calcination temperature is

below 800 oC, ordered mesoporous structures with well-dispersed AuNPs can be seen (Figure 3.6a-f). The
size of AuNPs shows minimum change along with temperature. The porous structures of TiO 2, however,
became slightly less order with the increased calcination temperatures. The wall thickness of TiO2 is
approximately 9-10 nm (Figure 3.7). When the calcination temperature increased to 900 oC, the complete
disruption of mesoporous structures was seen and AuNPs sintered to large aggregates (Figure 3.6g-h). The
disrupted porous structures at high temperature might be caused by phase segregation of TiO2 and the
CAMs templates.[15] The interfacial energy of crystalline walls and templates overcomes the mixing entropy
that drives the formation of larger crystalline grains separated from templates. The thermal stability of
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mesoporous structures and AuNPs between 350 oC to 800 oC provides a good window to investigate SMSIs
in Au/TiO2, which is challenging using previously reported methods.[170, 177]
The crystallinity of Au@mTiO2 was further characterized by wide-angle X-ray diffraction (XRD).
XRD patterns of Au@mTiO2 at all temperatures exhibited clear diffraction peaks from anatase TiO2
(JCPDS 00-064-0863) (Figure 3.8a). The peak broadness gradually decreased with temperature, indicating
the improvement of crystallinity. Meanwhile, diffraction peaks from AuNPs with face-centered cubic phase
are rather weak (Figure 3.8a, labeled with #). The low intensity is due to the low loading amount of AuNPs.
There was a small peak at 27.5° for Au@mTiO2-800 that can be assigned to (110) facet of rutile TiO2 (see
Figure 3.8a as labeled with an arrow). The average grain sizes (AGSs) of TiO2 were estimated using the
Scherrer formula (Figure 3.8b). The AGSs of TiO2 are small (< 13 nm) overall. No obvious change on
AGSs, i.e., 6.8 nm for Au@mTiO2-500 to 7.6 nm for Au@mTiO2-600, is seen below 600 oC. There is an
obvious increase of AGSs at 700 oC (10.8 nm) and 800 oC (12.5 nm), which indicates the improved
crystallinity of TiO2. We used UV-vis diffuse reflectance spectroscopy to examine the localized surface
plasmon resonance (LSPR) of AuNPs that reflects the macroscopic dispersity and uniformity of AuNPs
within TiO2. Since the LSPR of AuNPs is size-sensitive, it can be used to monitor the size stability of
AuNPs.[178] As seen in Figure 3.8c, a clear LSPR peak at ~515 nm can be seen in all Au@mTiO2 samples
without any obvious shift. Those results confirm that AuNPs are thermally stable when confined in
mesoporous mTiO2 framework even at 800 oC.
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Figure 3.6 Structural characterization of Au@mTiO2 calcined at different temperatures. TEM images of
(a-b) Au@mTiO2-350, (c, d) Au@mTiO2-500, (e, f) Au@mTiO2-600, and (g,h) Au@mTiO2-900. Inserted
in (a, c, and e) are corresponded HAADF-STEM images.
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Figure 3.7 Wall thickness of (a) Au@mTiO2-350, (b) Au@mTiO2-500, (c) Au@mTiO2-600, and (d)
Au@mTiO2-800

Figure 3.8 Structural characterization of Au@mTiO2 with different calcination temperatures. (a) Wideangle XRD patterns and (b) corresponding average gain sizes of TiO2 at different calcination temperatures.
The diffraction peaks denote with # in (a) are attributed to crystalline cubic Au. (c) UV-vis spectra of
Au@mTiO2 with different calcination temperatures.
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Small angle X-ray scattering (SAXS) was used to confirm the ordered mesoporous structures
(Figure 3.9). Three well-resolved scattering peaks with q values of 0.316, 0.611, and 0.940 nm-1 in
Au@mTiO2-600, which are assigned to (111), (311), and (500) reflections of ordered face-centered cubic
mesoporous structures.[179] The average cell parameter was calculated to be 34.0 nm from the three
reflections above (Table 3.1). The mesoporosity of Au@mTiO2 was further investigated by nitrogen
sorption isotherms (Figure 3.10). Type-IV hysteresis loops as shown in Figure 3.10a reveal that all
Au@TiO2 hybrids are mesoporous. The Brunauer-Emmett-Teller (BET) surface areas are 57, 77 and 70 m2
g-1 for Au@mTiO2-350oC, Au@mTiO2-600oC and Au@mTiO2-800oC, respectively. The corresponding
mesopore diameters are calculated to be 14.0, 17.0 and 16.9 nm, respectively, all of which are comparable
to the sizes observed in TEM (Figure 3.6). The slight decrease of the mesopore size is due to the shrinkage
of TiO2 framework at relatively high temperatures.

Figure 3.9 Small angle X-ray scattering of Au@mTiO2-600.
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Table 3.1 Indexing of SAXS peak of Au@mTiO2-600
(h k l)

q (nm-1)

d (nm)

a (nm)

(111)

0.316

19.88

34.43

(311)

0.611

10.28

34.10

(500)

0.940

6.68

33.42

Figure 3.10 (a) N2 sorption isotherms and (b) corresponding pore size distribution curves of Au@mTiO2350, Au@mTiO2-600, and Au@mTiO2-800.

Thermal annealing for different time is another way to vary the SMSIs.[169, 180] Au@mTiO2 is a good
candidate to study the SMSIs while maintaining the similar crystallinity and mesoporosity of TiO2, given
that CAMs templates provide excellent thermal stability of TiO2 and AuNPs. We annealed Au@mTiO2 at
600 oC from 2 h to 48 h (see 3.3.2 for experimental details). As seen in Figure 3.11a-c, Au@mTiO2-600
showed ordered mesoporous structures with uniform distribution of AuNPs regardless of annealing time.
Up to 48 h at 600 oC, the mesoporous frameworks became less ordered (Figure 3.11c), although AuNPs
were still well-dispersed without aggregation. XRD patterns of Au@mTiO2-600 showed the presence of
anatase phase of TiO2 (Figure 3.11d). When the annealing time increased to 48 h, the rutile phase of TiO2
appeared. The AGSs of Au-mTiO2 were also analyzed from XRD patterns (Figure 3.11e). No obvious
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change of AGSs (7.5-7.7 nm) was seen when annealing at 600 oC up to 24 h. However, when the calcination
time increased to 48 h, the AGSs showed a sharp increase to 13.5 nm. The increase of AGSs is indicative
of the formation of rutile TiO2 that destabilizes the mesoporous frameworks as well.

Figure 3.11 Structural characterization of Au@mTiO2-600 with different calcination time. TEM images of
(a) Au@mTiO2-600-12h, (b) Au@mTiO2-600-24h and (c) Au@mTiO2-600-48h. (d) Wide-angle XRD
patterns and (e) corresponded AGSs of Au@mTiO2-600 with different calcination time. The arrow in d
indicates the rutile phase of TiO2.

3.4.2

Photocatalytic Oxidation of Benzyl Alcohol
The photocatalytic oxidation of benzyl alcohol was used as a model reaction to evaluate the activity

of Au@mTiO2. The oxidation was carried out under either UV light (320-390 nm, 3 mW cm-2) or visible
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light (500-600 nm, 13 mW cm-2) at room temperature (25 oC) with O2 bubbling (100 mL min-1) (see 3.3.4
for experimental details). The conversion of benzyl alcohol to benzaldehyde was analyzed using 1H NMR
with 1,4-dioxane as an internal standard (Figure 3.12). For all reactions, benzaldehyde was detected as the
main liquid product with negligible amount of benzoic acid. The oxidation of toluene was proven to be
minimum, compared to the oxidation of benzyl alcohol (Figure 3.13). The catalytic performance of
Au@mTiO2 was therefore summarized using the yield of benzaldehyde at a reaction time of 4 h as given in
Figure 3.14.

Figure 3.12 (a) 1H NMR spectra of toluene, mixture (toluene, benzaldehyde, and benzoic acid), and the
reaction catalyzed by Au@mTiO2-600 under UV light for 4 h. (b) Zoom-in spectrum of the product analysis
using Au@mTiO2-600. Peak assignment: peak a. benzaldehyde (9.86 ppm, s, 1H); peak b. benzoic acid
(8.19 ppm, d, 2H); peak c. benzyl alcohol (4.53 ppm, s, 2H); and peak d. toluene (2.34 ppm, s, 3H). The
peak s is from dioxane (3.61 ppm, s, internal standard). Benzaldehyde is the main liquid product without
the formation of benzoic acid. The integrations of Au@mTiO2-600 are: a. 0.0140, c. 0.3422, and s. 1.0000.
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Figure 3.13 (a) 1H NMR spectra of reaction mixture after 4 h using Au@mTiO2-600 as the catalyst with
and without benzyl alcohol as the reactant. (b) Zoom-in spectra in the range of products. In the absence of
benzyl alcohol, negligible benzaldehyde and benzyl alcohol were produced from the oxidation of toluene.

Figure 3.14 Photochemical oxidation of benzyl alcohol using Au@mTiO2 catalysts. (a) Yield of
benzaldehyde using Au@mTiO2 calcined at different temperatures. (b) Yield of benzaldehyde using
Au@mTiO2 calcined at 600 oC for different time. Reaction condition: catalyst: 10 mg; BA: 260 µL; toluene:
5 mL; O2: 100 mL min-1; light irradiation: UV light (320-390 nm) and visible light (500-600 nm); reaction
time: 4 h.
76

For Au@mTiO2 calcined at different temperatures, the dependence of its activity on the calcination
temperature followed a similar “volcano” trend (Figure 3.14a). Au@mTiO2-350 shows the lowest activity.
The yield of benzaldehyde is 1.8 % under visible light and 4.3 % under UV light. The improvement of
crystallinity of TiO2 has a positive impact on the activity. The yield of benzaldehyde using Au@mTiO2600 reaches 8.2% under UV light that is around 1.9 times more active than Au@mTiO2-350. The catalytic
performance was also cross-checked by the conversion of benzyl alcohol. For example, the conversion of
benzyl alcohol using Au@mTiO2-600 under UV light is 8.5±0.8 %, close to the yield of benzaldehyde
(8.2±1.4 %). This is indicative of benzaldehyde produced solely from the oxidation of benzyl alcohol. When
calcined at above 700 oC, the yield gradually decreased under both UV and visible light. The catalytic
performance with a volcano plot indicated that the catalytic efficiency is not linearly correlated to the
crystallinity of TiO2 nor the SMSIs. The photo-thermal effect of AuNPs has negligible contribution to the
yield of the product, as confirmed by the dark reaction performed at 50 oC (Figure 3.15). In addition, the
catalytic performance of pure mTiO2 was evaluated under UV and visible light as controls. A yield of 3.4%
was shown under UV light while no activity was shown under visible light (Figure 3.16). The quantum
yield of the catalyst was also evaluated at 365 nm. Au@mTiO2-600 and mTiO2-600 show quantum yields
of 0.069% and 0.029%, respectively (see calculation details in 3.3.4).
The catalytic stability was further evaluated by recycling the catalyst for cycles under UV and
visible light, respectively (Figure 3.17). After five consecutive cycles, Au@mTiO2-600 showed a yield
retention of 85.8 % and 91.3% under UV light and visible light, respectively.
We also examined the activity of Au@mTiO2-600 annealed for different time (Figure 3.14b). A
similar “volcano” trend can be seen under UV light. The highest yield of 14.5 % was achieved using AumTiO2-600-12h that is roughly 3.4 times, and 1.8 times, compared to that of Au@mTiO2-350 and
Au@mTiO2-600-2h, respectively. The activity dropped gradually with the further increase of calcination
time. Interestingly, a different trend under visible light was seen. The yield of benzaldehyde dropped
gradually from 4.4 % (Au-mTiO2-600-2h) to 1.1 % (Au-mTiO2-600-48 h) under visible light.
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Figure 3.15 (a) 1H NMR spectra of reaction mixture after 4 h using Au@mTiO2-600 under UV light, under
visible light, and at 50 oC without light irradiation, respectively. (b) Zoom-in spectra showing the formation
of benzaldehyde. The benzaldehyde formed from photo-thermal effect is negligible, compared with that
generated from photocatalysis.

Figure 3.16 (a) 1H NMR spectra of reaction mixture after 4 h using mTiO2-600 under UV light, and under
visible light, respectively. (b) Zoom-in spectra showing the formation of benzaldehyde.
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Figure 3.17 Catalytic stability test of Au@mTiO2-600 under UV light and visible light.

3.4.3

Proposed Catalytic Mechanism
Since TiO2 has a large bandgap of 3.2 eV, its photoresponse in the visible range of 500-600 nm is

minimum. UV and visible light irradiations excite semiconductors (e.g., TiO2) and AuNPs, respectively,
leading to different reaction pathways (Figure 3.18). Two different mechanisms of photochemical benzyl
alcohol oxidations in metal/semiconductor systems have been studied previously.[181-186] Under UV light
irradiation, the bandgap excitation of TiO2 occurs. The generated holes on the valance band of TiO2 are
oxidative enough to convert surface-absorbed benzyl alcohol to benzyl alcohol cation radicals. The excited
electrons in the conducting band of TiO2 can be separated to AuNPs across the Schottky barrier. The
electrons on AuNPs can further activate O2 to form O2·- anionic radicals. The O2·- radicals further oxidize
benzyl alcohol radicals, generating benzaldehyde (Figure 3.18a).
Upon irradiation by visible light, AuNPs can be excited through its LSPR (Figure 3.18b).[187] The
photoexcited hot electrons on AuNPs can reduce O2 to O2·- species or back transfer to the conduction band
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of TiO2 to carry out oxygen reduction. The produced O2·- species then attract the hydrogen from benzyl
alcohol, forming hydroperoxide species and alkoxide species on the surface of AuNPs.

Figure 3.18 (a) Mechanism of formation of oxidative SMSIs in Au@mTiO2. (b, c) Mechanism of
photocatalytic oxidation of benzyl alcohol using Au@mTiO2 under (b) UV and (c) visible light irradiation.

Due to the different light irradiation and electron transfer pathways, the SMSIs likely have different
effects in each case. Under oxidative thermal treatment, the oxidative SMSIs have been demonstrated in
previous literatures.[188-189] Since the Fermi level of metal oxides is lowered under oxidative treatments, this
enables electronic interaction at Au-oxide interfaces.[188] This is slightly different from the classic reductive
SMSIs, in which electrons normally transfer from metal oxides to metal NPs.[190-193] For example, electronic
metal-support interaction between Au and TiO2 under reductive pretreatment resulted in the electron
transfer from TiO2 to AuNPs, leading to an electron-rich surface of AuNPs.[194] In oxidative SMSIs, the
oxygen transfer is induced to oxidize the surface of metal NPs while metal oxides get reduced
simultaneously. We combined X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance
(EPR) and diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) to probe the electronic
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interaction of AuNPs and TiO2. The oxidative SMSIs were also proved to be temperature-dependent. It
changes the physicochemical properties of catalysts (crystallinity, surface oxidation states, electron transfer,
etc.) and subsequently affects the catalytic performance.

3.4.4

Metal-Support Interactions in Au@mTiO2 Calcined at Different Temperatures
XPS was first used to characterize the oxidation states of Au and Ti in mTiO2-600 and Au@mTiO2-

600 (Figure 3.19). For Ti 2p, mTiO2 without AuNPs (mTiO2-600, Figure 3.20) has two split peaks at 458.4
eV and 464.1 eV, assigned to Ti 2p3/2 and Ti 2p1/2. The splitting of the two peaks is 5.7 eV, in close
agreement with that of anatase TiO2 reported previously.[195] An obvious peak shift of Ti 2p was observed
for Au@mTiO2-600. Au@mTiO2-600 has the Ti 2p3/2 peak at 457.6 eV, about 0.8 eV lower than that of
mTiO2-600. This peak shift is indicative of the presence of Ti3+ species from the surface reduction. Since
both samples were prepared under identical condition, the shift of Ti 2p peak is attributed to the SMSIs at
the Au-TiO2 interfaces.
To investigate the temperature-dependence of the SMSIs, XPS spectra of Au@mTiO2 calcined at
different temperatures were collected (Figure 3.19). When the calcination temperature is low, e.g., 350 oC,
the binding energy of Ti 2p is identical to that of pure TiO2. The weak SMSIs have less impact on the
electronic interaction of Au-TiO2. The binding energy of Ti 2p became lower when increasing the
calcination temperature. For example, the Ti 2p3/2 shifted gradually from 458.4 eV to 457.0 eV when the
calcination temperature changed from 350 oC to 800 oC. A nearly linear correlation between Ti 2p3/2 binding
energy and the calcination temperature is observed as plotted in Figure 3.19c.
To further confirm the presence of SMSIs in Au@mTiO2, Au 4f spectra were also collected as
given in Figure 3.19b. Since the loading of Au is low, the Au 4f signal-to-noise ratio is rather low even with
extra scanning. Au 4f7/2 peak at 83.6 eV was seen in Au@mTiO2-350, slightly lower than that of bulk Au.
This can be assigned to Au0 species bound at oxygen vacancies (O-) during sol-gel synthesis.[196-197] When
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raising the calcination temperature, the Au 4f7/2 peak shifted to 83.8 eV gradually. It is a smaller shift
compared to that of Ti 2p, given the XPS penetration depth of 5-10 nm to cover the entire AuNPs (not only
on the surface). This strongly suggests the formation of oxidative Auδ+ species.[198-199] Together with Ti 2p
results, there are SMSIs between Au and TiO2 where the electronic perturbation appeared at Au-TiO2
interfaces.

Figure 3.19 Electronic analysis of Au@mTiO2 calcined at different temperatures. XPS spectra of (a) Ti 2p,
and (b) Au 4f of Au@mTiO2-T. (c) The binding energy of Ti 2p3/2 of Au@mTiO2-T as a function of
temperature.
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Figure 3.20 (a-b) SEM images and (c) size distribution of mTiO2-600

The SMSIs in Au@mTiO2 were also revealed by EPR (Figure 3.21a). A clear peak at g=2.004 can
be found in the EPR spectra of all Au@mTiO2 samples, while it is absent in the spectrum of mTiO2-600
(Figure 3.22). This peak is assigned to electrons trapped at oxygen vacancies at Au-TiO2 interfaces,[200]
which are usually related to the electron transfer from AuNPs. When increasing the calcination temperature,
the resonance peak at g=2.004 became more pronounced. Although quantitative comparison cannot be
performed in the powder samples, the increase of the peak intensity indicates the formation of much
stronger electronic interaction at Au-TiO2 interfaces. These results are in good agreement with the XPS
analysis above.
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Figure 3.21 (a) EPR spectra of Au@mTiO2-T collected at room temperature. (b) Photocurrent versus time
(I-t) curves of Au@mTiO2 at a potential of 1.23 V (vs RHE) under UV irradiation (320-390 nm).

Figure 3.22 EPR spectra of mTiO2-600 and Au@mTiO2-600.
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Varying calcination temperature has significant impact not only on the SMSIs of Au@mTiO2, but
also the crystallinity of mTiO2 frameworks as discussed in XRD. To identify possible contribution of the
TiO2 crystallinity on photocatalysis, we have examined the photocurrent response of Au@mTiO2 (Figure
3.21b). Under UV irradiation, there is considerable anodic current response. The photocurrent of
Au@mTiO2-350 was measured to be 3.6 µA cm-2. A clear trend in photocurrent was seen when increasing
the calcination temperature. The photocurrent reached 55.0 µA cm-2 for Au@mTiO2-800. For the samples
calcined at 500-700 oC, the photocurrent is very close. For anodic response, since photo-generated holes on
TiO2 are accountable for the photocurrent, improving the crystallinity of TiO2 has largely improved the
lifetime of holes, that increases the anodic photocurrent.[201] However, the photocatalytic efficiency of
Au@mTiO2 under UV does not fully align with the photocurrent response (see Figure 3.14).
The oxidative SMSIs in Au@mTiO2 results in the formation of Auδ+ species as reported previously
by Lin et al.[188] The driving force is the relative lower Fermi level of TiO2 that allows the electron transfer
from AuNPs to the oxide. The XPS results shown in Figure 3.19 clearly confirmed the formation of Ti3+
and Auδ+ species in Au@mTiO2 prepared at temperatures greater than 500 oC. Therefore, the oxidative
SMSIs are present in our samples. Further increasing the temperature will lead to oxygen transfer that cover
the surface of AuNPs and therefore reduce the accessibility of AuNPs. Since AuNPs separate excited
electrons from the bandgap excitation from TiO2, the loss of surface accessibility will block the reductive
half reaction and eventually lead to the trap of excited electrons. As a result, the decrease in photocatalytic
activity of Au@mTiO2 calcined at 700 oC and 800 oC was observed as shown in Figure 3.14.
On the other hand, photocurrent was also obtained under visible light irradiation which excites the
LSPR of AuNPs (Figure 3.23). A much lower photocurrent was observed. Au@mTiO2-600 showed the
highest photocurrent of 5.2 nA cm-2, compared with that of Au@mTiO2-350 (2.9 nA cm-2), Au@mTiO2500 (2.9 nA cm-2), Au@mTiO2-700 (4.1 nA cm-2), and Au@mTiO2-800 (4.4 nA cm-2). The photocurrent is
in close agreement with the photochemical performance under visible light. Under visible light, hot holes
generated on Au are responsible for the photocurrent. At low calcination temperature, the increase of
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photocatalytic activity of Au@mTiO2 with temperature is likely due to the improvement of electron
conductivity of TiO2. When generating oxidative SMSIs, the visible light photocatalytic activity also
decreased because, i) the surface coverage of AuNPs limit accessibility of the catalytic sites; and ii) Au δ+
species on AuNPs presumably disfavor hot electron injection as discussed below.

Figure 3.23 Photocurrent of (a) Au@mTiO2-T, and (b) Au@mTiO2-600-t under visible light irradiation
(500-600 nm).

3.4.5

Metal-Support Interactions in Au@mTiO2 Annealed at 600 oC
While changing the calcination temperature has a large impact on the activity of Au@mTiO2, the

crystallinity of TiO2 and the SMSIs are tightly entangled and their roles on photocatalytic activity cannot
be resolved. We therefore chose to use thermal annealing at 600 oC that will have minimum impact on
crystallinity of TiO2 (see Figure 3.11e) but possibly control the SMSIs. XPS again was used to probe the
presence of SMSIs in Au@mTiO2-600 prepared at different annealing time. The results are summarized in
Figure 3.24. Similar but less pronounced peak shifts can be seen for Ti 2p and Au 4f when the annealing
time increased from 2 h to 48 h. Au@mTiO2-600-2h showed a Ti 2p3/2 peak at 457.6 eV, which shifted to
457.3 eV for Au@mTiO2-600-48h. The Au 4f peaks did not display a clear peak shift with increased
annealing temperature. The adsorption of CO as a probe molecule was used to probe the surface electronic
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state of Au (Figure 3.25). For Au@mTiO2-600-2h, a CO peak at 2112 cm-1 can be seen, which is assigned
to the CO bonded on atop sites of AuNPs.[202-203] With the increased calcination time, the peak gradually
shifts to high value with a broad peak appearing at 2130 cm-1. The redshift in the CO peak is indicative of
the formation of electron-deficient Auδ+ species on the surface.67 This suggested that annealing at 600 oC
could readily change the SMSIs while not significantly change the crystallinity of TiO2 (annealing for less
than 24 h, Figure 3.11e).

Figure 3.24 Electronic analysis of Au@mTiO2-600 at different annealing times. XPS spectra of (a) Ti 2p,
and (b) Au 4f of Au@mTiO2-600 with different calcination time. (c) The binding energy change of Ti 2p
3/2 of Au@mTiO2-T.
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Figure 3.25 DRIFTS spectra of CO adsorbed on Au@mTiO2-600-t. The peak at 2112 cm-1 was assigned
to CO adsorbed on Au0, which shifts gradually to the high wavenumber due to the metal-support interaction.
The broad peak at round 2130 cm-1 was assigned to CO adsorbed on Auδ+, which became the dominant
peak when the calcination time is 48 h.

The EPR and the photocurrent of Au@mTiO2-600 at different annealing times were displayed in
Figure 3.26. The peak at g=2.004, again, assigned to the electron-filled oxygen vacancies, showed an
obvious increase with the annealing time, indicating for the formation of stronger metal-support electronic
interactions. The photocurrent of Au@mTiO2-600 under UV irradiation is shown in Figure 3.26b. Under
UV light, the photocurrent increased from 16.8 µA cm-2 (Au@mTiO2-600-2h) to 27.9 µA cm-2
(Au@mTiO2-600-24h). The photocurrent had a slight decrease to 21.6 µA cm-2 for Au@mTiO2-600-48h,
which was likely caused by the collapse of mesoporous structures because of the formation of rutile
TiO2.[204] It is noteworthy that Au@mTiO2-600-12h and Au@mTiO2-700-2h show similar photocurrent but
their photoactivity is completely different. As shown in Figure 3.14, the activity of Au@mTiO2-600-12h is
roughly 2.9 times higher than that of Au@mTiO2-700-2h. This result suggests that the hole generation rate
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of the two samples are similar (photocurrent) but the charge separation on Au@mTiO2-600-12h is improved
(photocatalysis). These positively charged Auδ+ species generated by the SMSIs contribute to photocatalysis
by separating charges from TiO2 bandgap excitation. A possible explanation is that the presence of Auδ+
species facilitates interfacial transfer of excited electrons from TiO2, thus enhancing the catalytic
performance.

Figure 3.26 (a) EPR spectra of Au@mTiO2-600 at different annealing times (b) Photocurrent versus time
(I-t) curves of Au@mTiO2 at a potential of 1.23 V (vs RHE) under UV irradiation (320-390 nm).

The photocurrent under visible light was still low for these samples. Au@mTiO2-600-2h showed
slightly higher photocurrent of 5.2 nA cm-2, than other samples. This is in close agreement with the catalytic
performance of samples with different annealing times where photocatalytic activity of Au@mTiO2-600
decreased with increasing annealing time at 600 oC. These results suggest that Auδ+ species are detrimental
to photocatalytic activity of Au@mTiO2 when exciting the LSPR of AuNPs. One possible reason is that the
oxidized Au species trap the hot electrons to diminish the photocatalytic performance.[205]

89

3.5

Conclusion
In summary, we demonstrated a facile synthetic method to prepare Au@mTiO2 hybrid

photocatalysts with ordered, crystalline, and porous frameworks using co-assembly of CAM templates and
PEO-Au NPs. As-made Au@mTiO2 hybrids exhibited excellent thermal stability (in terms of their porosity
and the nanostructures of AuNPs) at elevated temperatures up to 800 oC. Thermal treatment was found to
improve crystallinity of TiO2 and induce oxidative SMSIs, both of which show strong effects on the
catalytic performance. When calcined at 600 oC for 12 h, Au@mTiO2 exhibited the best photoactivity under
UV, roughly 3.4 times higher than that of Au@mTiO2-350 and 1.8 times higher than that of Au@mTiO2600-2h. This is originated from the delicate balance between the crystallinity and the porosity of TiO2 and
the SMSIs at Au-TiO2 interfaces. Under visible light, we found that Auδ+ species generated from the SMSIs
of Au-TiO2 were detrimental to photocatalytic activity of Au@mTiO2. Since the formation of oxidative
SMSIs requires high temperature annealing under air, our synthetic method illustrates a powerful way to
retain the nanostructures of AuNPs and the porosity of TiO2. We therefore believe that our results
potentially provide new insights into the role of oxidative SMSIs in heterogeneous catalysis.
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Chapter 4.

Polymer-Assisted

Co-Assembly

towards

Synthesis

of

Mesoporous

Titania

Encapsulated Monodispersed PdAu for High Selective Hydrogenation of Phenylacetylene

4.1

Abstract
Bimetallic nanoalloys have attracted great research interest in the past decades by virtue of their

tunable metal-metal synergies. The preparation of well-defined bimetallic nanoalloys largely relies on the
use of capping ligands, which brings a great challenge to utilize the surface-accessible active sites and/or
tailor bimetallic-support interactions. In the current paper, surface-clean, thermally stable and monodisperse
PdAu nanoalloys confined in mesoporous TiO2 (PdAu@mTiO2) were prepared using evaporation-induced
self-assembly with two colloidal templates. The hydrogenation activity of PdAu@mTiO2 was demonstrated
to be approximately 6 times higher than that of PdAu nanoalloys supported on mesoporous silica due to the
bimetallic-support interactions. Our method is expected to open up new opportunities to synthesize ligandfree and stable bimetallic nanoalloys with tailored bimetallic-support interactions for highly efficient
catalysis.

4.2

Introduction
Bimetallic nanoalloys consisting of two different metals are of particular interest in catalysis

because of their synergies in terms of controlling the activity and selectivity. Different from monometallic
nanoparticles (NPs), bimetallic nanoalloys show cooperativity of the two metals through varying the
crystalline strain, electronic feature and geometric segregation of metal sites. Those are vitally important to
control their physicochemical and surface properties,[206-209] which in turn bring great opportunities to
optimize the structure-performance relationships of nanocatalysts.[210-212] For example, in comparison with
pure Pd NPs, bimetallic PdAg, PdAu, and PdCu nanoalloys are more selective toward semi-hydrogenation
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of alkyne to alkene, benefiting from a high dispersion of Pd sites and moderate adsorption of intermediate
alkene species on the surface.[213-215]
On the other hand, metal-support interaction (MSI) has long been used to enhance the catalytic
efficiency in heterogeneous catalysis. The dispersion of metal NPs on redox-active oxides that leads to
profound electron perturbations at metal-oxide interfaces shows significant enhancement on the catalytic
activity of supported metals.[166, 192, 216-218] There has been a large number of reports on the MSI effect on
the hydrogenation and CO oxidation,[219-220] although the MSI effect on bimetallic NPs is less studied. It is
reasonable to hypothesize that, loading bimetallic PdM NPs on oxides will improve their activity of
hydrogenation while retaining their selectivity. Using semi-hydrogenation of alkyne as an example,
bimetallic nanoalloys that have been demonstrated with an excellent selectivity[214, 221-224] can be further
engineered with high activity through MSI.
We herein report a polymer-assisted co-assembly strategy to encapsulate pre-synthesized PdAu
nanoalloys in mesoporous TiO2 (PdAu@mTiO2) or mesoporous silica (PdAu@mSiO2). Using the coassembly of two colloidal templates, presynthesized and monodispersed PdAu nanoalloys (~12 nm) can be
encapsulated in mesoporous frameworks of TiO2 and SiO2 with significantly improved thermal stability.
By deliberately varying mesoporous supports, the MSI effect on PdAu nanoalloys supported on mesoporous
oxides toward selective hydrogenation of phenylacetylene was evaluated. The hydrogenation activity of
PdAu supported on mTiO2 is roughly 6 times higher when compared to that on mSiO2; while both of them
show a 100% selectivity to styrene. Our results highlight the importance of the MSI in controlling the
activity of bimetallic nanoalloys in the context of mesoporous oxides.
4.3
4.3.1

Experimental Section
Chemicals
Titanium (IV) chloride (TiCl4), titanium (IV) isopropoxide (TIPO), gold (III) chloride trihydrate

(HAuCl4·3H2O), sodium tetrachloropalladate (II) (Na2PdCl4), sodium citrate, tetraethyl orthosilicate
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(TEOS),

1-butanol,

sodium

hydroxide

(NaOH),

hydrochloric

acid

(HCl,

37%),

hexadecyltrimethylammonium bromide (CTAB), hexadecyltrimethylammonium chloride (CTAC),
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (P123, Mn ~5,800 g/mol),
monomethoxypoly(ethylene oxide) (PEO45-OH, Mn ~2,000 g/mol; and PEO114-OH, Mn ~5,000 g/mol), 3mercaptopropionic acid (3-MPA), N, N’-dicyclohexylcarbodiimide (DCC), 4-(dimethylamino)pyridine, 2bromoisobutyryl bromide, copper (I) bromide (CuBr), triethylamine (TEA), monomethoxypoly(ethylene
oxide) with molecular weight of 5 kg mol-1 (PEO114), N, N, N’, N’’, N’’-pentamethyldiethylenetriamine
(PMDETA), 3-(trimethoxysiyl)propyl methacrylate (TMSPMA), anisole, dichloromethane (CH2Cl2), nhexane, and ethanol were purchased from Sigma-Aldrich and used without further purification unless
otherwise noted. Deionized water (high-Q, Inc. 103S Stills) with a resistivity of > 10.0 MΩ was used in all
experiments.

4.3.2
4.3.2.1

Materials Synthesis
Synthesis of Thiol-Terminated Poly(Ethylene Oxide) (PEO45-SH)
The synthesis of PEO45-SH was followed by the previous report.[74] In a typical synthesis, 6 g of

PEO45-OH (3 mmol), 477 mg of 3-MPA (4.5 mmol), 937 mg of DCC (4.5 mmol), and 91.5 mg of 4(dimethylamino)pyridine (0.75 mmol) was dissolved in 30 mL of anhydrous dichloromethane. The mixture
was stirred under N2 at 0 oC for 40 h. The obtained mixture was then passed through a silica gel column,
followed by precipitating in cold diethyl ether for three times.

4.3.2.2

Synthesis of Bromine-Terminated Poly(Ethylene Oxide) (PEO114-Br)
The synthesis of PEO114-Br was followed by the previous report.[123] Briefly, 50 g of PEO114-OH

(10 mmol) and 2.2 g of triethylamine (20 mmol) was mixed in 200 mL of anhydrous CH2Cl2, followed by
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stirring in an icy water bath. Then, another solution of 2-bromoisobutyryl bromide (16 mmol) in 20 mL of
CH2Cl2 was added dropwise. The reaction was further stirred for another 2 h at 0 oC. The resulted mixture
was firstly passed through a silica gel column to remove the formed salts, followed by precipitating in cold
diethyl ether for three times.

4.3.2.3

Synthesis of PEO-b-PTMSPMA Micelles
The block copolymer (BCP) of PEO-b-PTMSPMA was synthesized via atom transfer radical

polymerization as reported.[15, 122-123] Briefly, CuBr (34 mg, 0.24 mmol), TMSPMA (5 g, 20.1 mmol),
PEO114-Br (0.5 g, 0.1 mmol), PMDETA (84 µL, 0.4 mmol), and anisole (5 mL) were added in to a 25 mL
flask. The mixture was degassed by freeze-pump-thaw and filled with N2 for three times. Then, the reaction
was carried out at 65 oC for 90 mins. The as-prepared BCP was diluted with CH2Cl2, and then passed
through a silica column to remove the catalyst in the solution. The polymer was then purified via
precipitating in n-hexane for three times. Proton nuclear magnetic resonance (1H NMR) spectroscopy was
carried out and used to calculate the repeating unit and molecular weight of BCP. The repeating unit of
PTMSPMA was calculated to be 209 using PEO as an internal standard, yielding the BCP of PEO114-bPTMSPMA209. The molecular weight of the BCP was calculated to be 56.9 kg mol-1.
The colloidal templates were prepared via the self-assembly of PEO114-b-PTMSPMA209 in
water/ethanol mixture. Typically, 3 g of PEO114-b-PTMSPMA209 was dissolved into 90 mL of ethanol at
room temperature, followed by stirring for 1 h. Then, 110 mL of water was added dropwise to induce the
self-assembly. The mixture was stirred for another 2 h before adding 1 mL of TEA. The mixture was further
stirred for another 24 h to hydrolyze the PTMSPMA block. The micelles were dialyzed in pure ethanol for
3 h to remove the water and TEA before using. The micellar solution was used as templates hereafter to
template the growth of TiO2.
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4.3.2.4

Synthesis of Au, Pd, and PdAu NPs
Metallic NPs were synthesized according to the previous reports.[74, 225] For the synthesis of Au

NPs, 100 mg of HAuCl4·3H2O was firstly dissolved in 1 L of water, followed by stirring in a boiling water
bath. 30 mL of sodium citrate solution (1 wt%) was quickly injected. The reaction was further stirred for
another 30 min. The average diameter of the Au NPs is ~14.4 nm. For Pd NPs, 239 mg of CTAB was firstly
dissolved in 43.7 mL of water. Then, 134 µL of Na2PdCl4 (0.1 M), and 240 µL of sodium citrate (100 mM)
were added, respectively. The mixture solution was heated at 90 oC for 9 h without disturbing. The obtained
Pd NPs were washed with water to remove the excess surfactants. The average size of Pd NPs is 12.7 nm.
For PdAu NPs, 43.7 mL of CTAB (15 mM) and 4.85 mL of CTAC (15 mM) were first mixed at room
temperature. Then, 67 µL of HAuCl4 (0.1 M), 67 µL of Na2PdCl4 (0.1 M), and 240 µL of sodium citrate
(100 mM) were added, respectively. The mixture solution was heated at 90 oC for 9 h without disturbing.
The obtained PdAu NPs were washed with water to remove the excess surfactants. The average size of
PdAu NPs is 11.9 nm.

4.3.2.5

Ligand Exchange
The ligand exchange was carried out by following the previous reports.[63,

74]

Typically, the

concentrated PdAu NPs were added into 2 mL of PEO-SH solution (5 mg mL-1) under sonication. The
mixture was then keep stirring overnight to allow the ligand exchange. After ligand exchange, the PdAuSH was dialyzed against ethanol to remove the water and small molecules. The final PdAu-SH solution
was stored in ethanol with a concentration of 1 mg mL-1.
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4.3.2.6

Synthesis of PdAu@mTiO2, Au@mTiO2, and Au@mTiO2
PdAu@mTiO2 was synthesized via an evaporation-induced-self-assembly (EISA) using two CAMs

as templates. Typically, 400 µL of fresh-made TiCl4 solution (10% in ethanol) was added into 5 mL of
CAMs solution under stirring. 270 µL of TIPO was then added into the above solution, followed by stirring
for 30 min. The PEO capped PdAu NPs was then added into the mixture. After stirring for another 30 min,
the obtained solution was poured into a petri dish to evaporate the solvent at 40 oC for 24 h and 100 oC for
another 12 h. The final obtained powder was calcined at 650 oC for 2 h with a ramp of 2 oC min-1. The
PdAu@mTiO2 was yielded after removing the template by washing with hot 2 M NaOH. The Pd@mTiO2
and Au@mTiO2 were synthesized by using the same method, expect for using the Pd-PEO and Au-PEO as
the NPs sources instead of PdAu-PEO.

4.3.2.7

Synthesis of PdAu@mSiO2
The synthesis of PdAu@mSiO2 was followed the previous report with slight modification.[59]

Typically, 113 mg of P123 was firstly dissolved in 4 mL of water. 140 µL of butanol, 185 µL of
concentrated HCl were then slowly added to the above solution under stirring at 35 oC. After stirring for
another 1 hour, 260 µL of TEOS and the concentrated PdAu-PEO NPs were added dropwise. The mixture
was stirred at 35 oC for 24 h, and hydrothermally treated at 80 oC for another 24 h. The as-prepared sample
were then washed with water and ethanol for 3 times, followed by drying overnight. The PdAu@mSiO 2
was obtained via calcining the sample at 550 oC for 4 h with the ramp of 2 oC min-1.

4.3.3

Characterization
Scanning electron microscopy (SEM) was carried out on a FEI Nova NanoSEM 450. Transmission

electron microscopy (TEM) was carried out on JEM-2100F FETEM. The dark-field TEM was performed
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on a Talos F200X Atomic Resolution Analytical Microscope. The X-ray diffraction (XRD) patterns were
recorded on a Bruker D2 Phaser. The small angle X-ray scattering (SAXS) patterns were collected on a
Bruker Nano STAR instrument. The N2 sorption was conducted on a Micromeritics ASAP 2020 Surface
Area and Porosity Analyzer. Proton nuclear magnetic resonance (1H NMR) spectroscopy was recorded on
a Bruker Avance 300 MHz spectrometer. Fourier-transform infrared spectroscopy (FT-IR) was recorded
on a Bruker platinum ATR spectrometer. Temperature-programmed reduction with hydrogen (H2-TPR)
was carried out on a Chemisorption system (ChemiSorb 2720, Micromeritics Cor.) using a U-shaped quartz
reactor. For each measurement, 25 mg of samples are firstly treated with argon at 200 ℃ for 2 h. The TCD
signal was then collected as a function of temperature under H2 flow at a rate of 25 mL min-1. Diffuse
reflectance Fourier transform infrared (DRIFT) spectroscopy of adsorbed CO was collected on Nicolet
6700 spectrometer. The DRIFT cell (pike) was filled with 25 mg of catalysts and 120 ℃ treatment for one
hour with helium was carried out before CO was introduced.

4.3.4

Selective Hydrogenation of Phenylacetylene
Selective hydrogenation of phenylacetylene was performed in a 25 mL high-pressure stainless-steel

reactor. For each test, 10 mg of catalysts and 3 mL of 1,4-dioxane were firstly added to a 15 mL customized
glass liner and sonicated for 20 min to from a uniform suspension. 100 mg (1 mmol) of phenylacetylene
was then added to the above suspension and stirred for another 20 min. Before transferred to the 25 mL
high-pressure stainless-steel reactor, the stir bar was taken out and the reaction was proceeded without
stirring. After purging with hydrogen for several times, the reactor was pressurized with hydrogen to 50 psi
(pounds per square inch). The reactions were carried out at 50 ℃ for 7 h. After the reaction, the whole
reactor was cooled down in an ice bath. The postreaction suspension was separated by centrifugation at
8000 rpm. The resulted product was kept in a 5 mL testing tube and the NMR analysis was carried out in
CDCl3 to calculate the conversion of phenylacetylene. Six independent reactions were carried out to
calculate the average conversion and selectivity as shown in Figure 4.12. The specific rate was determined
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as the consumption rate of phenylacetylene (normalized to per gram of Pd metal per minute) and it is
calculated using following equation:

𝑟=

𝑁
𝑤∗𝑡

where r is the specific rate, N is the converted phenylacetylene amount in mole, w is supported metal loading
weight (gram), and t is the reaction (minute). The stability test of the PdAu@TiO2 was carried by recycling
the catalyst for 5 cycles.

4.4

Results and Discussion
Figure 4.1 illustrates the syntheses of PdAu@mTiO2. Cetrimonium bromide (CTAB) capped

monodisperse PdAu nanoalloys (Pd:Au = 1:1, mol) with a dimeter of 11.9±1.5 nm (Figure 4.2-4.3), were
firstly prepared through the co-reduction of HAuCl4 and Na2PdCl4.[74] A ligand exchange with thiolterminated poly(ethylene oxide) (PEO45-SH, Mn = 2000 g/mol) was carried out in water then followed by
dialysis in ethanol.[59] PEO-modified PdAu NPs can be readily dispersed in various organic solvents or
water in the presence of strong acids that used for sol-gel chemistry. PdAu@mTiO2 was prepared through
evaporation-induced self-assembly (EISA) using the co-assembly of two templates, i.e., colloidal
amphiphiles[15, 74] and PEO-modified PdAu NPs (see 4.3.2 for experimental details). After calcination in air
at 650 oC for 2 h, the ligand was removed as confirmed by infrared spectroscopy (Figure 4.3). As-made
powders were further etched by NaOH to remove the residual silica from polymeric colloidal amphiphiles.
Scanning electron microscopy (SEM) of PdAu@mTiO2 in Figure 4.4 reveals the ordered mesoporous
structures of mTiO2 framework even after calcination at 650 oC. The average pore size of these well-defined
mesopores is measured to be 11.3±2.1 nm from SEM characterization. Dark-field transmission electron
microscopy (TEM) further displays the excellent dispersity of PdAu nanoalloys within mTiO2. The average
particle size remained to be 11.0 nm. This is indicative of effective nanoconfinement provided by colloidal
templates to avoid the sintering of PdAu under high temperature treatment.[11] The atomic ratio of Pd to Au
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estimated from energy dispersive X-ray spectroscopy (EDS) is 49:51 similar to the feeding ratio during
synthesis (Table 4.1). Homogeneously alloying after high temperature calcination without phase separation
is clearly from the EDS mapping (Figure 4.4e). This was also evidenced by the line scan profile of Pd and
Au distributions as shown in Figure 4.4f. Using a similar method, pure Pd and Au NPs encapsulated in
mesoporous TiO2, denoted as Pd@mTiO2 and Au@mTiO2 respectively, were prepared and used as controls.
Those results are summarized in Figure 4.5-4.8. To make the catalytic results comparable, the sizes of Pd,
Au and PdAu NPs are designed in the range of 11~14 nm and the mass loading of NPs in mTiO2 is ~1 wt%
based on the whole transfer of starting metal precursor solutions.

Figure 4.1 Scheme illustrating the synthesis of PdAu@mTiO2 using a polymer-assisted co-assembly
method with two colloidal templates.
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Figure 4.2 TEM images and corresponding size distributions of as-prepared metal NPs: (a-c) Au NPs. (df) PdAu NPs. (g-i) Pd NPs.

Figure 4.3 (a) Wide-angle XRD patterns of PdAu-PEO, Au-PEO and Pd-PEO. (b) FT-IR spectra of asprepared PdAu@mTiO2, Pd@mTiO2, and Au@mTiO2.
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Figure 4.4 (a,b) SEM images, (c) bright field and (d) dark-field TEM images of PdAu@mTiO2. (e) EDS
mapping images and (f) the EDS line profile of PdAu@mTiO2. The average particle size of PdAu nanoalloys
within PdAu@mTiO2 is estimated to be 11.0±1.0 nm.

Figure 4.5 Representative SEM images of the prepared Au@mTiO2.
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Figure 4.6 (a) Bright-field TEM, (b) dark-field STEM images, (c) high-resolution STEM image, and (d)
STEM-EDS mapping of Au@mTiO2.

Figure 4.7 Representative SEM images of the prepared Pd@mTiO2.
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Figure 4.8 (a) High-resolution STEM image, (b) EDS elementary mapping images and (c) line scan profile
of Pd distribution of the prepared Pd@mTiO2.

Table 4.1 The atomic ratio of Pd to Au estimated from energy dispersive X-ray spectroscopy (EDS).
Materials

Au (at%)

Pd (at%)

PdAu seeds

51.3

48.7

PdAu@mTiO2

49.4

50.6
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Small-angle X-ray scattering (SAXS) shows three well-resolved scattering peaks of PdAu@mTiO2,
Pd@mTiO2, Au@mTiO2 and mTiO2 (Figure 4.9a). Those peaks were indexed to (111), (311), and (500)
reflections, assigning to face-centered cubic (fcc) mesostructured TiO2 frameworks (space group Fm3m).
The average cell parameter was calculated to be 37.9 nm (Table 4.2). Wide-angle X-ray diffraction (XRD)
patterns of these samples are displayed in Figure 4.9b. mTiO2 frameworks are anatase ((JCPDS 00-0640863) in regardless of the presence of metal NPs. Nitrogen sorption measurement reveals typical type-IV
isotherms, indicating the well-defined mesostructures. The Brunauer-Emmett-Teller (BET) specific surface
areas of PdAu@mTiO2, Pd@mTiO2, Au@mTiO2 and mTiO2 are measured to be 78, 88, 66 and 72 m2 g-1,
respectively. Very similar BET surface areas suggest that the mesoporous structures are not altered
significantly after incorporation of metal nanocrystals into mTiO2. The pore size distribution of all samples
is around 11-15 nm (Figure 4.9d) and the pore volume variation is around 0.12-0.15 m3 g-1 as summarized
in Table 4.3.

Table 4.2 Calculations of cell parameters of the PdAu@mTiO2, Pd@mTiO2, Au@mTiO2 and mTiO2 from
three small-angle X-ray scattering (SAXS) reflections.
Crystal plane

q (nm-1)

A (nm)

(111)

0.294

37.00

(311)

0.527

39.52

(500)

0.844

37.20
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Figure 4.9 (a) SAXS, and (b) XRD, (c) nitrogen sorption isotherms, and (d) pore size distributions of
Pd@mTiO2, Au@mTiO2, PdAu@mTiO2 and mTiO2.

Table 4.3 BET specific surface area, pore volume and pore sizes of the PdAu@mTiO2, Pd@mTiO2,
Au@mTiO2 and mTiO2.
Catalysts

SSA (m2 g-1)

Pore diameter (nm)

Pore volume (cm3 g-1)

mTiO2

72

14.0

0.13

Au@mTiO2

66

13.1

0.12

PdAu@mTiO2

78

14.0

0.15

Pd@mTiO2

88

11.0

0.13

SSA represents Brunauer-Emmett-Teller (BET) specific surface areas.
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The catalytic efficiency of those catalysts was examined using hydrogenation of phenylacetylene
as a model reaction, since the selective hydrogenation of alkynes to alkenes is an important industrial
process.[226-227] To gain insight into the effect of MSI, PdAu@mSiO2 hybrids with identical PdAu NPs were
prepared using Pluronic P123 as templates (see Figure 4.10-4.11). For hydrogenation, 10 mg of catalysts
was mixed with 0.1 g of phenylacetylene in 3 mL of 1,4-dioxane at 50 oC with 50 psi of hydrogen using a
high-pressure stainless-steel reactor. We evaluated the catalytic efficiency of hybrid catalysts by six
independent measurements. Pd@mTiO2 was very active for hydrogenation and a 100% conversion of
phenylacetylene was seen in all six measurements in 7 h. Phenylacetylene, however, was fully hydrogenated
to ethylbenzene with a 100% selectivity. By comparison, the PdAu alloys demonstrated an excellent
selectivity (100%) to styrene with an average conversion of 95±0.6% conversion over PdAu@mTiO 2
(Figure 4.12b). In addition, Au@mTiO2 had a much lower activity with a conversion of 9.7±0.6% in 7 h,
despite a 100% selectivity towards styrene. As a control, pure mTiO2 is inactive for the hydrogenation. In
addition, the reaction kinetics of phenylacetylene hydrogenation was measured using PdAu@mTiO 2 and
PdAu@mSiO2 (Figure 4.12c). A higher phenylacetylene conversion over PdAu@mTiO2 was observed
throughout, compared to that over PdAu@mSiO2; while both of them showed a 100% selectivity towards
styrene at the reaction window of 3-7 h. We have compared the specific rates of PdAu@mTiO2 and reported
values as summarized in Table 4.4. The PdAu@mTiO2 is among the best catalysts reported so far.
Previous reports suggested that the key to obtaining high styrene selectivity lies in weakening
adsorption strength of the intermediate, i.e., alkene.[222, 228] The semi-hydrogenated product (styrene) prefer
a strong σ bond adsorption mode on pure Pd with three-fold hollow sites. As a result, the alkene groups are
usually full-hydrogenated into alkanes as observed in Pd@mTiO2. For PdAu nanoalloys, the changes of
geometric distribution of Pd greatly favors weak π adsorption of alkynes. The desorption of alkenes is
energetically favorable instead of full hydrogenation into ethylbenzene.[229-231] This is account for the high
selectivity to styrene over PdAu@mTiO2. In addition, Au@mTiO2 is less active for hydrogenation due to
the poor hydrogen spillover efficiency on Au.
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Figure 4.10 (a) Nitrogen adsorption-desorption isotherm of the PdAu@mSiO2, (b) corresponding pore
diameter distribution of PdAu@mSiO2. The pore volume of the PdAu@mSiO2 is measured to be 1.13 cm3
g-1.

Figure 4.11 (a) Bright-field TEM image of the PdAu@mSiO2, (b) EDS elementary mapping images, and
(c) line scan profiles of Pd and Au distributions of the prepared PdAu@mSiO2.
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Figure 4.12 (a) Hydrogenation of phenylacetylene. (b) Conversion and (d) selectivity to styrene over six
independent runs using five catalysts. (c) Reaction kinetics of phenylacetylene hydrogenation using
PdAu@mTiO2 and PdAu@mSiO2. Reaction conditions: 10 mg of catalyst was dispersed in 3 mL of 1,4dioxane containing 0.1 g of phenylacetylene at 50 oC and 50 psi of hydrogen for varied reaction times. (e)
Catalytic stability test of PdAu@mTiO2 when recovering the catalysts for five cycles.

To investigate the effect of the MSI on the catalytic efficiency, we examined the performance of
PdAu@mTiO2 and PdAu@mSiO2. Under identical conditions, PdAu@mSiO2 exhibited much lower
activity with a phenylacetylene conversion of 15.0±1.4% in 7 h. The activity of metal NPs was compared
using the specific rate that normalized to the consumption rate of phenylacetylene per gram of metal per
minute. Interestingly, the specific rate of PdAu@mSiO2 and PdAu@mTiO2 are estimated to be 0.004 mol
g-1 min-1 and 0.023 mol g-1 min-1, respectively. The specific rate of PdAu@mTiO2 is roughly 6 times that of
PdAu@mSiO2. Those results indicate that, by deliberately changing the supports, the trade-off between
phenylacetylene hydrogenation activity and styrene selectivity using bimetallic NPs can be balanced.
Catalytic stability test was further carried out by recycling PdAu@mTiO2. After five cycles, the conversion
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of phenylacetylene still reached 95% with a 100% selectivity to styrene over PdAu@mTiO2. This confirms
the excellent stability of PdAu when confined with mTiO2 frameworks. Furthermore, TEM
characterizations of the post-reacted PdAu@mTiO2 show that the both the PdAu nanoparticles and pore
size of mTiO2 support remain unchanged (Figure 4.13). The EDS mapping in Figure 4.13b-c further
confirms homogeneous alloying of the post-reacted PdAu nanoparticles without leaching (Pd:Au =
49.5:50.5, atomic ratio).

Figure 4.13 (a) Bright field TEM, (b) EDS mapping and (c) EDS line profile of the post-reacted
PdAu@TiO2.

To understand the MSI effect on the catalytic performance of PdAu NPs, temperature-programmed
reduction analysis with hydrogen (H2-TPR) was carried out to examine the reducibility. The H2-TPR profile
of PdAu@mTiO2 shows a strong reduction peak at 332 oC (Figure 4.14a), assigning to the reduction of PdO
in the inner layer.[232] By comparison, the reduction peak of PdAu@mSiO2 shifts to a much higher
temperature of 440 oC. The drop in the reduction peak by 108 oC implies improvement of the hydrogen
spillover efficiency of PdAu nanoalloys when supported on mTiO2 frameworks. The MSI between PdAu
nanoalloys and TiO2 in turn improves their catalytic activity as observed in hydrogenation.
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Figure 4.14 (a) H2-TPR profiles and (b) diffuse reflectance infrared Fourier transform spectroscopy with
CO molecules of the PdAu@mTiO2 and PdAu@mSiO2, respectively.

Table 4.4 Catalytic activity comparison of different Pd-based catalysts for selective hydrogenation of
phenylacetylene.

Catalysts

Specific rate
-1

Temperature

-1

o

Pressure

Reference

(mol min g )

( C)

(MPa)

PdAu@mTiO2

0.0023

50

0.34

Current work

Nanoporous Pd

0.00016

25

0.1

[233]

Pd/CuS

0.002

70

0.5

[234]

Pd3Pb

0.0004

50

0.2

[235]

Pd/NR-CeO2

0.077

90

1.0

[236]

PdZn

0.0016

25

0.1

[237]

Pd@Ag@CeO2

0.0001

40

1.5

[224]

Pd NCs@NCM

0.078

25

0.1

[238]

Pd-Pb

0.003

25

0.1

[221]

Pd-MDPC

0.005

25

0.1

[239]

110

We further used diffuse reflectance infrared Fourier transform spectroscopy with CO as a probe
molecule (CO-DRIFTS) to measure the electronic properties of Pd sites over the two catalysts, i.e.,
PdAu@mTiO2 and PdAu@mSiO2. As shown in Figure 4.14b, PdAu@mSiO2 has two main peaks of
adsorbed CO. The CO vibrational band at 2023 cm-1 is assigned to the linear adsorption model of CO on
atop Pd sites; while the peak at 2006 cm-1 is identified on CO adsorbed the bridge Pd sites.[240] Similar CO
vibrational peaks over PdAu@mTiO2 were observed but with lower frequencies.[241-242] For example, the
bridged CO band on PdAu@mTiO2 is centered at 1975 cm-1 that is a 31 cm-1 downshift in comparison with
that of PdAu@mSiO2; while, the linear CO adsorption appears at 2013 cm-1, corresponding to a roughly 10
cm-1 downshift. Those results suggest that Pd sites are more electron-rich when supported on mTiO2
compared to mSiO2. There is a new peak arising at 2042 cm-1 also from the linear CO adsorption on Pd that
may arise from the strong metal-support interaction between Pd and mTiO2.[243] Those findings suggest that
Pd shows strong electron perturbations with TiO2. A small CO peak at 2115 cm-1 is observed for both
samples and is assigned to the CO linear adsorption on low-coordinated Au sites.[244]
The surface Pd on bimetallic PdAu is heavily oxidized as reported previously. [245-246] When
supported on mTiO2, oxidized Pd species are likely reduced, leading to the formation of electron-rich
surface Pd sites.[247] We therefore deduce that this accounts for the enhanced catalytic activity in
hydrogenation of phenylacetylene as compared with PdAu@mSiO2, which presumably enhances the
hydrogen spillover without being detrimental to the selectivity.

4.5

Conclusion
To summarize, we report a polymer-assisted co-assembly method to prepare monodisperse and

ligand-free PdAu NPs confined in mesoporous TiO2 support. The catalyst is used as a model system to
study the MSI effect of bimetallic alloys toward selective hydrogenation of phenylacetylene. The activity
of PdAu nanoalloys is strongly support-dependent. PdAu NPs supported on mTiO2 were 6 time more active
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compared to those supported on mSiO2; while retaining their high selectivity from phenylacetylene to
styrene. Given that those bimetallic NPs are thermally stable, our synthetic method is likely to open up new
opportunities to study a series of bimetallic-support effects accordingly providing a powerful tool to tailor
their catalytic performance particularly for gas-phase reactions under high temperatures.
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Chapter 5.

Synthesis of Mesoporous CoS2 and NixCo1-xS2 with Superior Supercapacitive

Performance Using a Facile Solid-Phase Sulfurization

5.1

Abstract
Synthesis of nanostructured transition metal sulfides is of particular interest in providing new

methods to control their porosity and improve their surface area, since those sulfides hold promising
applications in high-energy density devices. Significant challenges remain currently to prepare metal
sulfides having three-dimensional (3-D) continuous mesoporous structures, known to be critical for
increasing their active surface sites and enhancing ion transport. We herein present a facile solid-phase
sulfurization method to synthesize 3-D continuous mesoporous CoS2, NiS2 and their binary sulfides in a
two-step nanocasting using bicontinuous KIT-6 as hard templates. The solid-phase sulfurization taking
place at 400 oC yields mesoporous sulfides with highly crystalline frameworks and a stoichiometric ratio
of metal-to-sulfur, 1 : 2 (mol), within 30 minutes. Elemental sulfur as an inexpensive sulfur source can be
directly used for the solid-phase sulfurization of mesoporous oxides of Co3O4, NiO and their binary oxides.
This facile synthetic method is highly efficient to prepare mesoporous sulfides in gram-scale production at
very low cost. Mesoporous sulfides are demonstrated to be superior electrode materials for
pseudosupercapactors, given their high surface area and accessible bicontinuous mesopores, the suitable
crystalline sizes, and the enhanced ion transport capability. The use of binary mesoporous sulfides presents
interesting synergetic effect where the doping of metal ions can significantly enhance the capacitive
performance of single-component sulfides. The binary sulfides of mNi0.32Co0.68S2 show a specific
capacitance up to 1698 F g-1 at a current density of 2 A g-1. The supercapacitor device of mNi0.32Co0.68S2
has a high energy density of 37 Wh kg-1 at a power density of 800 W kg-1. We believe that the reported
solid-phase synthesis offers a universal method toward the conversion of mesoporous oxides materials into
various useful and functional forms for energy conversion and storage applications.

113

5.2

Introduction
Nanostructured metal chalcogenides (or metal sulfides, MSx) are of interest for energy conversion

and storage applications.[248] Sulfide nanomaterials are not only excellent electrocatalysts and
photocatalysts for many reactions involving in renewal energy conversions, e.g. hydrogen evolution
reaction,[249-250] oxygen reduction reaction,[251] and CO2 reduction;[252] but also, superior electrode materials
in various energy storage devises, e.g. supercapacitors,[171, 253-257] and lithium-ion batteries.[258-261] Sulfide
materials provide a number of excellent physicochemical properties, including controllable stoichiometric
compositions of metal-to-sulfur, variable valence states of metals, and tunable nanostructures, all of which
endow MSx particularly rich electrochemical redox characteristics.[253] As wide bandgap semiconductors,
sulfides also show a better conductivity compared to its counter oxides.[254, 262-264] Endowed with all those
features, the use of various sulfides in pseudosupercapacitors usually results in a better performance in
terms of capacitances and energy density, compared to their oxides and hydroxides. [171, 253-257, 265-267] In
general, the key to harnessing superb electrochemical performance of sulfides is to control the
nanostructures that potentially have a large surface area for fast redox reactions and ion transport
characteristics.[253, 268] Sulfides with various nanostructures, such as hollow tubes,[254] hollow spheres,[255, 269]
ball in ball,[257] and nanosheets,[256, 270] have been developed and used in energy storage devices. Among
those nanostructures, constructing sulfides with 3-D continuous porous structures, e.g. bicontinuous
mesoporous sulfides, is ideal for applications, such as electrode materials. Bicontinuous mesoporosity
encounters a high surface-to-volume ratio to provide large electrochemical active surface area for Faradaic
reactions;[271] and offers interconnected pores for improved ion transport characteristics to achieve fast
charge/discharge cycle.[171, 272-273] However, significant challenges remain so far to prepare mesoporous
metal sulfides.
The most commonly used method to preparing mesoporous MSx is so-called “nanocasting” method,
also known as “hard templating”.[34, 274-275] Nanocasting is the use of pre-synthesized porous templates to
mold the synthesis of desired materials in the void of mesoporous templates. After the formation of
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continuous nanostructures of the desired materials, the removal of the template can thus yield mesoporous
nanostructures with replicated structures of templates. The main challenge to use nanocasting method to
prepare mesoporous MSx is the volume shrinkage from metal precursors to the final sulfides.[274] Sulfides
usually have a much lower metal density per unit cell volume, compared to the corresponding precursors
and their counter oxides.[34] Therefore, the conversion of metal precursors and their counter oxides to
sulfides needs to take into account of the large volume shrinkage which often leads to the disruption of
continuous mesoporous structures. One way to solve this challenge is the use of metal precursors with a
low density of metal ions. For example, Gao et al. showed cadmium thioglycolate (Cd10S16C32H80N4O28) as
the precursor to prepare mesoporous CdS using one-step nanocasting.[275] Similarly, mesoporous WS2 and
MoS2 can be prepared via one-step nanocasting method using phosphotungstic acid and phosphomolybdic
acid as metal precursors, respectively, and H2S as the sulfur source.[274] However, these special metal
precursors having unusually large ligands are not available commercially for most of transition metals. On
the other hand, sulfides can be synthesized from anion exchange reactions in which metal oxides can
transfer into sulfides. Recently, Yonemoto et al. reported a two-step nanocasting method to transfer
mesoporous oxide-to-sulfide in hard templates that had interconnected mesoporous sulfides.[34] They
showed a few examples including NiS2, CoS2 and FeS2 made from the cheap precursors (nitrates). However,
the oxide-to-sulfide conversion required to use H2S atmosphere and a very long reaction time up to 12 h to
complete sulfurization of mesoporous oxides. This gas-phase sulfurization method needs particular caution
to prevent the leakage of H2S gas since it is poisonous and highly corrosive. Those drawbacks largely limit
the broad use of the gas-phase sulfurization.
There is a large number of literature showing high-temperature sulfurization of metal oxides or
hydroxides in wet-chemical synthesis through anion exchange reactions.[267, 276-278] Such sulfurization uses
sodium sulfide or elemental sulfur as a sulfur source to replace oxygen in oxides or hydroxides. Anion
exchange reaction is usually fast at high temperatures and it takes place within 1 h. This enables us to
consider whether we can perform a solid-phase sulfurization to prepare mesoporous sulfides with
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bicontinuous pores. Sulfur powder is one of the most abundant and inexpensive S sources. It melts at 115
o

C and vaporizes at >445 oC.[279] When mixing sulfur with metal oxides in solid phase, the diffusion of the

two substrates to drive the sulfurization is kinetically slow at low temperature. However, liquid sulfur can
have much faster diffusion and react with metal oxides within porous channels that efficiently convert the
metal oxides to metal sulfides in a short reaction time. Given that there is still a volume shrinkage in oxideto-sulfide transformation, sulfurization at high temperatures can allow the re-formation of interconnected
mesoporosity. In this contribution, we present a facile solid-phase sulfurization method to synthesize 3-D
continuous mesoporous CoS2, NiS2 and their binary sulfides in a two-step nanocasting using bicontinuous
mesoporous KIT-6 as hard template. When mixing mesoporous oxides of Co3O4, NiO and their binary
oxides with sulfur powder, we sealed the mixture in a homemade glass tube and calcined the mixture at 400
o

C (Scheme 1). Mesoporous MS2 with crystalline frameworks and a stoichiometric ratio of metal-to-sulfur,

1 : 2 (mol), could be produced within 0.5 h in high quality and in extremely high yields! We demonstrate
that mesoporous Co-based sulfides exhibited excellent supercapacitive performance, given the high surface
area and accessible bicontinuous mesopores, the suitable crystalline sizes, and the enhanced ion transport
capability. This method allows to effectively dope sulfides with other transitional cations stoichiometrically.
The synergic effect of binary sulfides was harnessed and discussed in their pseudocapacitance. This simple
synthetic method is highly efficient to synthesize mesoporous sulfides in gram-scale production at very low
cost that will benefit the broad applications of these mesoporous sulfides in various high-energy density
devices.[263]

5.3
5.3.1

Experimental Section
Chemicals
Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (PEO20-b-PPO70-

b-PEO20, Pluronic P123, an average molecular weight of 5800 g mol-1), tetraethyl orthosilicate (TEOS,
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98%), 1-butanol, hydrochloric acid (HCl, 37%), cobalt nitrate hexahydrate (Co(NO3)2⋅6H2O, >98%), nickel
nitrate hexahydrate (Ni(NO3)2⋅6H2O), sulfur (reagent grade), polyvinylidene fluoride (PVDF, an average
molecular weight of 44,080 g mol-1), and ethanol were purchased from Sigma-Aldrich without further
purification. Carbon black (CB, >96%), activated carbon (AC, surface area of 2000 m2 g-1), and nickel foam
are purchased from MTI corporation. Deionized water (High-Q, Inc. 103S Stills) with a resistivity of > 10.0
MΩ was used in experiments.

5.3.2
5.3.2.1

Materials Synthesis
Synthesis of Mesoporous Template of KIT-6
KIT-6 was prepared according to the previous literature.[30, 59] In a typical synthesis, 12 g of P123

was first dissolved into 483 mL of deionized water. Then, 20 mL of concentrated HCl (37%) and 12 g of
butanol were slowly added to the above solution under stirring at 35 oC. After the mixture became uniform,
25.8 g of TEOS was added directly. The solution mixture was kept stirring for 24 h at 35 oC, and
subsequently hydrothermally treated at 80 oC for another 24 h. The as-made sample was collected by
filtering and washing with ethanol for three times. Mesoporous KIT-6 was obtained by the calcination at
550 oC for 10 h with a ramp rate of 1 oC min-1 to remove P123 templates.

5.3.2.2

Synthesis of mCo3O4
Mesoporous cobalt oxide (mCo3O4) loaded within KIT-6 was prepared by a nanocasting method as

reported.[280] 750 mg of Co(NO3)2 was dissolved in 20 mL of ethanol. Then, 500 mg of KIT-6 was added
into the solution, followed by sonicating for 10 min. The mixture was then stirred at room temperature
overnight until dry powder was obtained. The sample was calcined at 350 oC for 2h to partially paralyze
the nitrite. The impregnation route was carried out two more times with 562.5 mg and 421.9 mg of Co(NO3)2
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using the same method as the first impregnation. The final dried powder was calcined in the air at 500 oC
for 5 h with the ramp of 1 oC min-1 for formation of highly crystallized Co3O4 (mCo3O4@KIT-6). To get
pure mCo3O4, mCo3O4@KIT-6 was washed with hot KOH solution (2 M) to remove the template of KIT6. mCo3O4 was further washed with water and ethanol twice before drying in vacuum oven.

5.3.2.3

Synthesis of mCoS2
The mesoporous cobalt sulfide (mCoS2) was prepared by solid-phase sulfurization of

mCo3O4@KIT-6 with sulfur powder, followed by removing excess sulfur and etching KIT-6 template. In
brief, 300 mg of mCo3O4@KIT-6 was mixed with 600 mg of sulfur powder. The mixed powder was placed
into a one-end-sealed glass tube (10 cm in length and 1 cm in diameter). The glass tube was then sealed
completely using a propane torch (caution, sulfur is flammable). The glass tube was then put into a furnace
and calcined at 400 oC for 0.5 h. After cooling down to room temperature, the glass tube was opened and
the mixture was treated with hot KOH solution (2 M at 60 oC). The excess sulfur and the KIT-6 template
were removed by etching (2 M KOH) for three times. The removal of sulfur was confirmed by powder
XRD. The reaction between sulfur and KOH was known as following,[281]
8S + 6KOH → 2K 2 S3 + K 2 S2 O3 + 3H2 O

5.3.2.4

Synthesis of Ni-doped binary sulfides of mNixCo1-xS2
Mesoporous Co and Ni binary metal sulfides (mNixCo1-xS2) were prepared by the same method of

mCoS2 but with different feeding ratios of the two metal sources. Take mNi0.32Co0.68S2 as example, 249.8
mg of Ni(NO3)2 (0.859 mmol) and 500.2 mg of Co(NO3)2 (1.718 mmol) were dissolved in 20 mL of ethanol.
Then, 500 mg of KIT-6 was added into the solution, followed by sonicating for 10 min. The mixture was
stirred at room temperature in the fume hood overnight, until dry powder was obtained. The sample was
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calcined at 350 oC for 2 h to paralyze the nitrite. The impregnation route was carried out two more times
with 187.4 mg of Ni(NO3)2 and 375.2 mg of Co(NO3)2 for the second impregnation; and 140.5 mg of
Ni(NO3)2 and 281.4 mg of Co(NO3)2 for the third impregnation, respectively. The final dried powder was
calcined in the air at 500 oC for 5 h with the ramp of 1 oC min-1 for formation of highly crystallized oxide.
After that, 300 mg of the resulted powder was mixed with 600 mg of sulfur powder. The mixed powder
was placed in a glass tube and sealed using a propane torch. The glass cylinder was then put into furnace
and calcined at 400 oC for 0.5 h. The purification method is similar to that of mCoS2.

5.3.3

Characterization
Transmission electron microscopy (TEM) and high-resolution TEM (HR-TEM) studies were

carried on a JEOL 2010 transmission electron microscope with an accelerating voltage of 200 kV. Highangle annular dark-field scanning TEM (STEM) and Energy-dispersive X-ray spectroscopy mapping were
performed on a Talos F200X Atomic Resolution Analytical Microscope. TEM and STEM samples were
prepared by casting a suspension of the materials on a carbon coated copper grid (300 mesh). The X-ray
diffraction (XRD) patterns were recorded on a Rigaku Ultima IV diffractometer (Cu Kα radiation, λ=1.5406
Å) with an operating voltage of 40 kV and an operating current of 44 mA. The X-ray photoelectron
spectroscopy (XPS) experiments were recorded on a PHI model 590 spectrometer with multi-probes using
Al Kα (λ=1486.6 eV) as the radiation source. The Brunauer-Emmett-Teller (BET) surface area of materials
were measured on a Quantachrome Autosorb-1-C automated N2 gas adsorption system.

5.3.4

Electrochemical Evaluation of Mesoporous Metal Sulfides
The electrochemical properties of mesoporous sulfides were evaluated using a three-electrode

system with Ag/AgCl as the reference electrode and Pt wire as the counter electrode in 2M KOH as
electrolyte. The working electrode was prepared by coating the slurry of sulfide materials on a 1x1 cm 2
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nickel foam, followed by drying and press before using. The slurry of sulfide materials was prepared by
mixing the active materials (mNixCo1-xS2), PVDF and CB together in dimethylformamide by a weight ratio
of 80:10:10. Cyclic voltammetry (CV) and galvanostatic charge-discharge measurements were carried out
on a CHI 627E electrochemical workstation. The specific capacitance of the electrode was calculated from
the following equation:

C=

𝐼∆𝑡
𝑚∆𝑉

where I, Δt, m, and ΔV refer to the discharging current, discharging time, loading mass of active materials
and the potential window in the charge-discharge measurement, respectively.

For the fabrication of asymmetric supercapacitor device, the anode electrode was prepared by mixing AC,
CB and PVDF by a weight ratio of 70 : 10 : 20 in DMF. After sonicating the mixture for 30 mins, the paste
was coated on a nickel form (1×1 cm2). The anode electrode was dried and pressed before using. The
supercapacitor device was fabricated by sealing the two electrodes, the separator (filter paper) and
electrolyte (2M KOH) in a flexible, self-made plastic bag. The specific capacitance of the device was
calculated from charge-discharge measurements. The energy density (E) and power density (P) of the
device were calculated from the following equations, respectively:

𝐸=

1
× 𝐶𝑚 × ∆𝑉 2
2
𝑃=

𝐸
∆𝑡

where Cm (F g-1) is the specific capacitance of the device, ΔV is the potential window and Δt is the discharge
time.

120

5.4

Results and Discussion
Ordered mCoS2 was prepared through a two-step synthesis by combing hard-templating and solid-

phase sulfurization as illustrated in Figure 5.1. We first used a hard-templating method to produce mCo3O4
though mesoporous SiO2 of KIT-6, also known as a nanocasting approach. The periodically ordered
mesoporous KIT-6 was chosen as templates, due to its high surface area, accessible mesopores, and 3-D
bicontinuous cubic 𝐼𝑎3𝑑 mesostructures (Figure 5.2). In brief, Co(NO3)2 dissolved in ethanol was mixed
with KIT-6. The solvent was removed slowly in the fume hood where Co(NO3)2 was impregnated into the
mesostructures of KIT-6. The dried power was collected and first annealed at 350 oC for 2 h. The
impregnation route was repeated for three times to maximally fill the KIT-6 template. The final sample was
calcined at 500 oC in air for 5 h to yield mCo3O4@KIT-6. The solid-phase sulfurization was performed by
calcining as-made mCo3O4@KIT-6 together with excess sulfur power in a sealed glass tube at 400 oC for
30 min. After removing hard templates of KIT-6 and the excess sulfur by washing with hot KOH solution
(see details in 5.3.2), mCoS2 was obtained and purified by centrifugation.
The morphology of mCo3O4 and mCoS2 was investigated by electron microscopy. Typical TEM
images are shown in Figure 5.3. The 3-D well-ordered, bicontinuous mesoporous structures are clear for
mCo3O4 and mCoS2. The mesopore size of mCo3O4 and mCoS2 is 3.61 nm and 3.58 nm, respectively, both
of which are very close to the wall thickness of calcined KIT-6 (Figure 5.2). The high-resolution TEM
images further indicate the crystalline structures of as-resulted mCo3O4 and mCoS2. An obvious lattice
fringe with a d-spacing of 0.474 nm was assigned to the (111) plane of spinel Co3O4 (Figure 5.3b). For
mCoS2, two obvious perpendicular lattice fringes were observed in Figure 5.3d. The d-spacings of 0.244
nm and 0.275 nm were agreed to the (210) and (200) planes of CoS2, respectively. The successful synthesis
of mCoS2 was supported by high-angle annular dark-field scanning TEM (STEM) mapping. Figure 5.3e
shows the distribution of Co (red) and S (green) through the whole mesoporous frameworks. The atomic
ratio of Co to S is estimated to be 1 : 2.1 from the STEM Energy-dispersive X-ray (STEM-EDX)
spectroscopy (Figure 5.3f), in close agreement with the theoretical stoichiometric ratio of 1 : 2 in CoS2.
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Figure 5.1 Schematic illustration of combing hard-templating and solid-phase sulfurization to prepare
mCoS2.
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Figure 5.2 The Characterization of as-made KIT-6. (a, b) TEM images, (c) N2 sorption isotherm and (d)
BJH pore size distribution of KIT-6.

Figure 5.3 Electron microscopy characterizations of mCo3O4 and mCoS2: TEM images of mCo3O4 (a,
b) and mCoS2 (c, d). (e) STEM-EDX mapping of mCoS2: Co and S are given in red and blue, respectively.
(f) STEM-EDX spectroscopy of mCoS2 showing the atomic ratio of Co and S.
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Figure 5.4 Structural characterizations of mCo3O4 and mCoS2. (a) Low-angle XRD and (b) wide-angle
XRD patterns of KIT-6, mCo3O4 and of mCoS2; (c) high-resolution XPS Co 2p spectrum of mCo3O4 and of
mCoS2; (d) high-resolution XPS S 2p spectrum of mCoS2; (e) N2 sorption isotherms and (f) corresponded
pore size distributions of mCo3O4 and of mCoS2.
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The mesoporous features and crystalline structures of mCo3O4 and mCoS2 have been further
confirmed by XRD, XPS and N2 sorption isotherms (Figure 5.4). An intense low-angle scattering peak at
1.04o for mCo3O4 and 1.05o for mCoS2 was observed (Figure 5.4a), respectively, indicating the existence of
mesoporous structures. This corresponds to the (211) reflection of the cubic unit cell with a d-spacing of
~8.4 nm. Compared to small-angle XRD of KIT-6, no obvious peaks of (220) and (332) planes can be
observed, due to less ordered mesoporous frameworks of oxides and sulfides in the hard-template synthesis.
The wide-angle XRD patterns shown in Figure 5.4b further exhibited the crystalline structures of as-resulted
oxides and sulfides, which are assigned to spinal Co3O4 (JCPDS 01-076-1802) and cassiterite CoS2 (JCPDS
01-089-1492), respectively. No detectable signal for Co3O4 in the final product of CoS2 was shown in wideangle XRD patterns.
XPS was further used to identify the change in electronic states of Co. The high-resolution XPS
revealed the electronic states of Co 2p peaks for mCo3O4 and mCoS2 (Figure 5.4c). It is obvious that the
two characteristic Co 2p peaks appeared at 795.7 eV and 780.5 eV, assigning to Co 2p3/2 and Co 2p1/2,
respectively, in good consistence with the reported values of Co 2p binding energy of mCo3O4.[282-283] By
contrast, an obvious shift of XPS peaks were observed for mCoS2. Two asymmetric peaks appeared at 790.8
eV (Co 2p3/2) and 775.7 eV (Co 2p1/2), corresponding to a downshift of 4.8 eV in binding energy compared
to those of mCo3O4. This is likely originated from the change in oxidation states of cobalt after the transition
from Co3O4 to CoS2.[284] In mCoS2, a lower oxidation state of Co2+ bound to the electron-rich S atoms instead
of O shifted the Co 2p peak to a lower binding energy. Meanwhile, the high-resolution S 2p region showed
the two peaks at 163.7 eV and 162.3 eV, attributed to the S 2p3/2 and S 2p1/2 of CoS2, respectively (Figure
5.4d).[284] The atomic ratio of Co to S from XPS was 1 : 2.16. Both XPS and XRD results confirmed the
full conversion of Co3O4 to CoS2.
Mesoporous features of mCo3O4 and mCoS2 were studied by N2 sorption isotherms (Figure 5.4e
and f). The isotherms of both mCo3O4 and mCoS2 showed a less-defined type-IV hysteresis loop which is
similar to those of previously reported mesoporous metal oxides and sulfides prepared via hard-template
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methods.[34, 285] The Brunauer-Emmett-Teller (BET) surface area of mCoS2 is 78 m2 g-1 with a total pore
volume of 0.46 cm3 g-1, which is slightly lower than that of mCo3O4 (117 m2 g-1 of the surface area and 0.54
cm3 g-1 of the total pore volume). The reduced surface area and pore volume were likely caused by the
higher molecular weight per metal atom in mCoS2 than mCo3O4.[34] The mesopore sizes of mCo3O4 and
mCoS2 are 3.61 nm and 3.58 nm, respectively, close to those observed from TEM. The similar pore size of
two materials further indicates that the mesoporous structure was maintained during the solid-phase
sulfurization process.

Figure 5.5 XRD patterns of products from the solid-phase sulfurization of mCo3O4 at different conditions:
(a) at 400 oC for 0.5 h in furnace in air, (b) at 200 oC in a sealed glass tube for 30 min, and (c) bulk Co3O4
(bCo3O4) and the formed bCoS2 via solid-phase sulfurization in a sealed glass tube at 400 oC for 10 h. In
(c), the diffraction peak from Co3O4 can be seen after 10 h to confirm the impact of the size on the anion
exchange of O-to-S.
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The feature of the solid-phase sulfurization strategy is to use the sulfur powder as the sole sulfur
source at high temperature. Sulfur (octasulfur, S8) melts at 115 oC. Our synthetic conditions involve
annealing at 400 oC in a sealed glass tube which is crucial to exchange lattice oxygen with sulfur under airfree conditions. A high sulfurization temperature at 400 oC enables the fast equilibrium of the sulfur liquid,
which can diffuse into mesostructures quickly and react with the oxides. The sealed glass reactor ensures
the enough sulfur vapor pressure during the sulfurization process and prevents backward oxidation possibly
caused by air. In our control experiments, the lower sulfurization temperature at 200-350 oC and/or the
sulfurization with separated sulfur powder and mesoporous oxides in the tube furnace cannot yield the full
sulfurization of oxides. These results are summarized in Figure 5.5. We noted that, i) at a higher
sulfurization temperature of > 650 oC, oxides start to react with SiO2 to form silicates; and ii) at > 450 oC
(the vaporization temperature of sulfur), high pressure might cause the breakage of the sealed glass tube.
The porous nanostructure also plays an important role in terms of the sulfur diffusion and the anion
exchange. When using commercial bulk Co3O4 with an average particle size of a few micrometers, the
sulfurization cannot fully convert Co3O4 to CoS2. Wide-angle XRD indicates that Co3O4 phase still coexisted even after calcining at 400 oC for 10 h under the same conditions (Figure 5.5). The porous structures
therefore allow the penetration and diffusion of sulfur into the lattice of Co3O4 that shortens the sulfurization
time significantly. The solid-phase sulfurization approach we developed is quite unique, not only in terms
of preparing monometallic metal sulfide, but also as a general methodology to synthesize binary (with two
metal cations) metal sulfides. Compared to previously reported methods,[34, 267, 274-275] including liquid-phase
sulfurization and gas-phase sulfurization, the current approach is facile, highly efficient and inexpensive
that can further be developed for large-scale production of mesoporous sulfides.
Binary transition metal sulfides exhibit a higher electrical conductivity and theoretical capacitance,
compared to that of single-component sulfides due to the synergistic effect of different metals.[264] A number
of previous reports showed that the doping of another transition metals in sulfides can result in a higher
capacitance and rate capability.[254, 264, 268, 286-288] We further extend our synthetic approach to mesoporous
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binary transition metal sulfides. Since the transition metal source was preloaded in hard templates, varying
the chemical composition of transition metal precursors has a minimum impact on the formation of
mesoporous sulfides. We prepared three types of mesoporous nickel and cobalt binary sulfides (mNixCo1xS2),

including mNi0.32Co0.68S2, mNi0.51Co0.49S2 and mNi0.76Co0.24S2, as well as undoped nickel sulfides

(mNiS2), by easily tuning the feeding ratio of Co2+/Ni2+. The mesoporous features of all mNixCo1-xS2 were
confirmed by TEM and small-angle XRD patterns. As shown in Figure 5.6, the low-magnification and
high-magnification TEM images of the sulfides exhibited similar mesoporous features as mCoS2, indicating
the successful preparation of mNixCo1-xS2. Moreover, low-angle XRD patterns of mNixCo1-xS2 revealed a
diffraction peak at 1.05o (Figure 5.7a), indicating mesoporous structure with an interlattice d-spacing of 8.2
nm. N2 sorption isotherms further suggested the mesoporous features with a total surface area of ~75 m2 g1

and a pore size of ~3.6 nm (see the summaries in Table 5.1 and Figure 5.8).

Figure 5.6 (a-d) Low-magnification and (e-h) high-magnification TEM images of mNi0.32Co0.68S2 (a, e),
mNi0.51Co0.49S2 (b, f), mNi0.76Co0.24S2 (c, g) and mNiS2 (d, h).
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Figure 5.7 (a) Low-angle XRD and (b) wide-angle XRD patterns of mNixCo1-xS2 shown in Figure 5.6.

Table 5.1 Physicochemical properties of mNixCo1-xS2
EDS results

Surface area

Pore size

Pore volume

(Ni : Co)

(Ni : Co)

2

-1

(m g )

(nm)

(cm3 g-1)

mCo3O4

-

-

117.20

3.61

0.54

mCoS2

0:1

-

77.72

3.58

0.46

mNi0.32Co0.68S2

1:2

1 : 2.1

86.20

4.06

0.37

mNi0.51Co0.49S2

1:1

1 : 1.06

82.50

3.61

0.49

mNi0.76Co0.24S2

3:1

3.2 : 1

70.00

3.62

0.18

mNiS2

1:0

-

76.10

3.64

0.31

Samples

Feeding ratio

The doping of Ni to prepare binary mesoporous sulfides was characterized by wide-angle XRD
(Figure 5.7) and STEM mappings (Figure 5.9-5.11). No new wide-angle XRD peaks but a slight shift of
diffraction peaks was seen with increasing the doping amount of Ni. Taking the CoS2 (200) peak as an
example, the peak gradually shifts to eventually overlap with the NiS2 (200) peak with the increase of Ni
ratio. This shift shows the expansion of mCoS2 lattice as an indication of the formation of the binary metal
sulfides rather than the mixture of two sulfides.[289-290] STEM-mapping further confirmed the successful
synthesis of binary sulfides, as suggested by the uniform distributed Ni and Co elements in the bimetallic
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sulfides (Figure 5.9-5.11). The atomic ratios of Ni/Co and S were further estimated by the STEM-EDX
spectroscopy, consistent to the feeding ratio of the two metal precursors (see Table 5.1).

Figure 5.8 (a, c, e, g) N2 sorption isotherms at 77 K and (b, d, f, h) BJH pore size distributions of
mNi0.32Co0.68S2 (a, b), mNi0.51Co0.49S2 (c, d), mNi0.76Co0.24S2 (e, f), and mNiS2 (g, h).
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Figure 5.9 (a) HR-TEM, (b) STEM-EDX and (c) HADDF and STEM-mapping of mNi0.32Co0.68S2.

Figure 5.10 (a) STEM-EDX and (b-f) HADDF and STEM-mapping of mNi0.51Co0.49S2.
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Figure 5.11 (a) STEM-EDX and (b-f) HADDF and STEM-mapping of mNi0.76Co0.24S2.

Figure 5.12 Electrochemical properties of mCoS2 and mCo3O4: (a) CV curves at a scan rate of 10 mV s-1;
(b) charge-discharge curves at a current density of 5 A g-1; (c) specific capacitance at different current
densities; and (d) cycling stabilities at a current density of 10 A g-1.
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The electrochemical performance of mesoporous Co-based materials (mCo3O4 and mCoS2) was
evaluated as electrodes for supercapacitors using a three-electrode system in 2M KOH. Figure 5.12a
showed the typical cyclic voltammetry (CV) curves of mCo3O4 and mCoS2 in the potential window of 0~0.6
V at a scan rate of 10 mV s-1. A pair of distinct redox peaks appeared in CV curves for both of materials,
corresponding to the reversible Faradaic redox processes between Co2+ and Co3+, known as the
pseudocapacitance to store and release the energy. For the two materials, the electrode reactions are given
as followings,
3CoS2 + OH − ↔ 3CoS2 OH + 3e−
Co3 O4 + OH − ↔ CoOOH ∙ Co2 O3 + e−

(CoS2)
(Co3O4)

For mCoS2, the current density increases and the position of anodic peaks shows a shift toward a more
anodic direction in the forward scan, respectively, compared to those of Co3O4. The peak broadness of
mCoS2 is indicative of a wider window for electrochemical response at the electro-active
materials/electrolyte interface. The CVs at different sweep rates are given Figure 5.13. A linear relationship
of the square root of the scan rate (υ1/2) vs. the oxidation peak current (ip) is found for mCo3O4 and mCoS2
(Figure 5.13). This is indicative of a diffusion-controlled redox process. The slope of the linear fitting of
the υ1/2 vs. ip can be used to examine the available surface sites (i.e. Co2+ for the anodic peak) for mCo3O4
and mCoS2, as the current is proportional to the concentration of redox species.[291] Nearly 3 times more
available surface sites present for mCoS2, compared to that of mCo3O4. Mesoporosity principally offers the
high surface area to provide more surface sites for the redox reaction;[255] additionally, the ordered
mesoporous structure facilitates the ion transport by shortening the transport pathways. By comparing
mCo3O4 and mCoS2, the higher capacitance of mCoS2 is likely endorsed to the large availability of Co(II)
surface sites. During the redox reaction, only 1/3 Co ions existing in Co 3O4 can be oxidized (without
consideration of the exposed surface crystal planes); while, all Co ions are in +2 states in CoS2. This agrees
with the results from the linear fitting of υ1/2 vs. ip.
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Figure 5.13 (a) CV curves at different scan rates and (b) CD curves at different current densities of mCoS2,
(c) CV curves of mCo3O4 at different scan rates. (d) The plots of the peak current vs. the square root of scan
rate of mCoS2 and mCo3O4. Coulombic efficiency plots of (e) mCo3O4, and (f) mCoS2 at different current
densities.
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Pseudocapacitive performance of electrode materials can be further evaluated using the
voltammetry characteristics from CVs. A much higher current density and larger enclosed CV area of
mCoS2 are seen, compared to those of mCo3O4, suggesting a higher pseudocapacitance of mCoS2. Figure
5.12b exhibited the galvanostatic charge-discharge curves of the two materials in the potential range of
0~0.45 V at a current density of 5 A g-1. The two typical voltage plateaus showing the redox reactions of
Co2+ and Co3+ are consistent with the CV results, also as an indicative of their pseudocapacitive performance.
A much longer charge/discharge time of mCoS2 is observed than that of mCo3O4. The specific capacitance
was further calculated from the charge-discharge curves in the current density of 1~20 A g-1 (Figure 5.12c).
mCoS2 exhibited a capacitance of 1200 F g-1 at a current density of 1 A g-1, which is nearly 12 times higher
than that of mCo3O4. When increasing current density from 2 to 20 A g-1, 46.8% of the capacitance retention
was received for CoS2, with the coulombic efficiency more than 95 % at any current densities (Figure 5.13).
The electrochemical impedance spectroscopy (EIS) analysis (Figure 5.14) confirms that both mCo3O4 and
mCoS2 have a low equivalent series resistance (Rs) around 1 Ω. mCoS2 showed a slightly lower Rs of 1.05
Ω, compared to mCo3O4 (1.12 Ω). The cycling stability of mCo3O4 and mCoS2 were measured at a current
density of 10 A g-1 (Figure 5.12d). In comparison to 94 % of retention for mCo3O4, only 74 % retention kept
for mCoS2 after 1000 cycles. The decrease of specific capacitance is caused by the degradation of metal
sulfides in the insertion (extraction) process of OH- from redox reaction that is often observed in other
transition metal sulfides.[292-293]
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Figure 5.14 (a, b) The electrochemical impedance spectroscopy (EIS) analysis of mCo3O4 and mNixCo1xS2

at 5 mV with a frequency range from 10 mHz to 100 kHz. (c) Equivalent circuit model for impedance

spectra. (d) Summarized results of fitted equivalent parameters of various materials.

Figure 5.15 Electrochemical properties of mNixCo1-xS2. CV curves at 10 mV s-1 (a) and charge-discharge
curves at 10 A g-1 (b) of mNixCo1-xS2. (c) Specific capacitance of mNixCo1-xS2 at different current densities.
(d) Specific Capacitance of mNixCo1-xS2 obtained at 10 A g-1. All reported values are averaged from threeindependent measurements.
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To examine the synergistic effect in binary mesoporous sulfides, we investigated the
supercapacitive performance of the binary mesoporous sulfides (mNixCo1-xS2) and the two singlecomponent sulfides (mNiS2 and mCoS2). Those results are summarized in Figure 5.15. The CV curves of
all mesoporous sulfides at a scan rate of 10 mV s-1 in a potential window of 0~0.6 V are given in Figure
5.15a. A similar pair of redox peaks related to the reversible Faradaic redox process of metal ions is clear
for all sulfides. We note that, the anodic peak shows a positive shift of 40 mV when doping Ni in binary
mNixCo1-xS2. This is likely attributed to Faradaic responsive of Ni2+ to Ni3+, since a similar but narrow peak
is seen in mNiS2.[290] We compared the capacitance of mNixCo1-xS2 by galvanostatic charge-discharge in the
window of 0 to 0.45 V (vs Ag/AgCl) at a current density of 10 A g-1. mNixCo1-xS2 show a slightly higher
voltage plateau and longer discharge time, which is in good agreement with the CV curves. mNi0.32Co0.68S2
shows the highest specific capacity of 1762 F g-1 at 1 A g-1 (Figure 5.15c). The plots of specific capacitance
as a function of current density, calculated from the charge-discharge curves for all materials at different
current densities are given in Figure 5.15c (charge-discharge curve at different current densities are shown
in Figure 5.16-5.19). There is a clear trend of the increase in specific capacitance for binary mesoporous
sulfides at different current densities compared to mCoS2 and mNiS2. All mNixCo1-xS2 showed much closed
specific capacitance regardless of the Ni contents. The coulombic efficiency for all mNixCo1-xS2 are higher
than 95 % when the current density is larger than 2 A g-1 (Figures 5.16-5.18). mNi0.32Co0.68S2 shows slightly
better capacitance retention at higher charge-discharge current density. At 20 A g-1, the specific capacitance
of mNi0.32Co0.68S2 still reaches 1070 F g-1. When increasing the loading mass up to 6 mg cm-2,
mNi0.32Co0.68S2 still exhibited similar performance (Figure 5.20). This result is comparable to those reported
state-of-the-art sulfide electrodes, in particular materials prepared using wet-chemical synthesis (see Table
5.2). EIS analysis (Figure 5.14) showed that all mNi0.32Co0.68S2 have a lower Rs value (~1 Ω) and
mNi0.32Co0.68S2 showed the lowest Rs of 0.97 Ω, and the lowest charge transfer resistance (Rct) of 3.86 Ω.
The synergistic effect of binary mesoporous sulfides is possibly originated from the lattice distortion when
doping metal cations in sulfides as observed in wide-angle XRD patterns. The doping of Ni ions into mCoS2
can expand the lattice that facilitates the diffusion of lattice metal ions for the Faradaic redox process.
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Figure 5.16 (a) CV curves at different scan rates, (b) CD curves at different current densities, (c) Coulombic
efficiency plot at different current densities, and (d) stability test at 10 A/g of mNi0.32Co0.68S2.

Figure 5.17 (a) CV curves at different scan rates, (b) CD curves at different current densities, (c) Coulombic
efficiency plot at different current densities, and (d) stability test at 10 A/g of mNi0.51Co0.49S2.

138

Figure 5.18 (a) CV curves at different scan rates and (b) CD curves at different current densities, (c)
Coulombic efficiency plot at different current densities, and (d) stability test at 10 A/g of mNi0.76Co0.24S2.

Figure 5.19 (a) CV curves at different scan rates and (b) CD curves at different current densities, (c)
Coulombic efficiency plot at different current densities, and (d) stability test at 10 A/g of mNiS2.
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Figure 5.20 (a) CV curves at different scan rates, (b) CD curves at different current densities, (c) Specific
capacitance at different current densities of mNi0.32Co0.68S2 when the loading mass is ~ 6 mg/cm2.

Table 5.2 The specific capacitance of cobalt-containing sulfides in various nanostructures.
Specific capacitance

Loading mass

(F g-1)

(mg/cm2)

Nanosheet

1231 at 2 A g-1

-a

[256]

NiCo2S4

Ball in ball

1036 at 1 A g-1

5

[257]

NiCo2S4

Hollow nanoprism

895 at 1 A g-1

1

[286]

NiCo2S4

Urchin

1065 at 3 A g-1

-a

[294]

NiCo2S4

Nanosheet

1161 at 5 A g-1

-a

[295]

NiCo2S4

Hollow nanobox

777 at 4 A g-1

5

[296]

NiCo2S4

Onion-like

1016 at 2 A g-1

-a

[277]

CoNi2S4

Nanoparticles

1169 at 1 A g-1

5

[297]

Ni0.48Co0.52S1.097

Microflower

1087 at 2 A g-1

4.5

[264]

Ni7S6/Co3S4

Nanobox

677 at 4 A g-1

7

[298]

Zn-Co sulfide

Double shell hollow

1266 at 1A g-1

1

[299]

CoS2

Hollow

1073 at 2.5 A g-1

-a

[255]

Materials

Nanostrcutures

NiCo2S4
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CoS

Hollow

980 at 1 A g-1

1

[300]

NiS

Nanoframe

2112 at 1 A g-1

1

[254]

Ni3S2

Flower-like

972.3 at 2 A g-1

3-4

[301]

Ni3S2-NiS

Nanowire

1077.3 at 5 A g-1

4

[302]

mNi0.32Co0.68S2

Mesoporous

1400 at 5 A g-1

2

This work

mNi0.32Co0.68S2

Mesoporous

1698 at 2 A g-1

2

This work

mNi0.32Co0.68S2

Mesoporous

1608 at 2 A g-1

6

This work

a. The loading mass is unknown.

We further evaluate the supercapacitive performance of binary mesoporous sulfides in hybrid
asymmetric supercapacitor (ASC) devices. The device was fabricated using mNi0.32Co0.68S2 as the cathode,
activated carbon (AC) as the anode and a cellulose paper as the separator in a 2 M KOH aqueous electrolyte
(see details in 5.3.2). The configuration of the device is shown in Figure 5.21a. The loading mass of
mNi0.32Co0.68S2 was 2 mg cm-2 and the mass of activated carbon was calculated based on the charge balance
using CV at a scan rate of 20 mV s-1 in a three-electrode system (Figure 5.22). The CV curves of
mNi0.32Co0.68S2//AC at scan rates of 5 to 25 mV s-1 in the potential window of 0~1.6 V are shown in Figure
5.21b. All voltammograms have a rectangular shape with obvious scan-rate dependence, suggesting the
Faradaic reactions on the electrodes. The redox peaks become less pronounced as both the double-layer
capacitance of the carbon electrode and pseudocapacitance of the sulfide electrode overlapped. Figure 5.21c
displays the charge-discharge curves of the supercapacitor device at various current densities of 1~20 A g1

. The specific capacitance of the device is 91.2 F g-1 at 2 A g-1, with the coulombic efficiency of 90 %

(Figure 5.22). The cycling stability of the device was evaluated at a current density of 5 A g-1 (Figure 5.21e).
The decomposition of metal sulfides largely limits the stability of supercapacitor device, from which a 66%
retention of its original capacitance was received after 1000 cycles (Figure 5.21e). EIS analysis showed that
the device has a low Rs of 2.2 Ω and a low Rct of 2.8 Ω. The energy density and power density, the two
most important parameters of the supercapacitor device, were further evaluated using the Ragone plot. The
device presents a high energy density of 37 Wh kg-1 at a high power density of 800 W kg-1 (see Figure
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5.21f). Even the power density is up to 1.2 kW Kg-1, the supercapacitor device can still show an energy
density of 14.0 Wh kg-1. This performance is comparable to the reported values from metal oxides, [303-304]
and metal sulfides.[292, 305]

Figure 5.21 Electrochemical evaluation of mNi0.32Co0.68S2//AC device. (a) Schematic of ASC device based
on mNi0.32Co0.68S2 //AC; (b) CV curves of ASC device at different scan rates from 5 to 25 mV s-1 measured
between 0 to 1.6 V; (c) charge-discharge curves of ASC device at different current densities from 1 to 20
A g-1 measured between 0 to 1.6 V; (d) Plot of the specific capacitance as a function of current density. (e)
Cycling performance of ASC device at 5 A g-1; (f) Ragone plots of the ASC device and the performance of
references.
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Figure 5.22 (a) CV curves of AC and mNi0.32Co0.68S2 at 20 mV s-1, (b) Coulombic efficiency plot of
mNi0.32Co0.68S2//AC device, and (c) Nyquist plots of mNi0.32Co0.68S2//AC device.

5.5

Conclusion
To summarize, we showed a facile method to prepare mesoporous metal sulfides via a solid-phase

sulfurization. The synthetic method is simple, and it does not involve any expensive or toxic chemicals.
The sulfurization of mesoporous metal oxides is very efficient (0.5 h to reach 100% conversion). The ratio
of metal to sulfur is close to the stoichiometric ratio of MS2, proving a general methodology to synthesize
mesoporous metal sulfides. The method can be extended in the synthesis of binary sulfides containing
different metal cations. We demonstrated that as-made mesoporous sulfides are superior electrode materials
for supercapacitors. The use of binary mesoporous sulfides presents interesting synergetic effect where the
doping of metal ions can significantly enhance the capacitive performance of sulfides. The binary sulfides
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of mNi0.32Co0.68S2 exhibited a specific capacitance up to 1698 F g-1 at a current density of 2 A g-1. The
mNi0.32Co0.68S2//AC ASC device showed a high energy density of 37 Wh kg-1 at a power density of 800 W
kg-1. These results confirm that mesoporosity providing high surface area and ordered mesoporous channels
facilitates surface redox reaction and the ion transport and improves the performance of materials for
supercapacitors. We believe that this facile synthetic method offers a general strategy not only to
synthesizing other mesoporous metal sulfides, but also as a universal solid-phase transformation of porous
materials into various forms having high energy density for devices.
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Chapter 6.

Future Directions

In this thesis, the colloidal-amphiphile-templated synthesis of mesoporous materials has been
developed. We demonstrated that this method is a general strategy to synthesize different mesoporous
materials, including titania, metal titanates, and mesoporous titania supported metal NPs. These novel
mesoporous materials offered novel insights into the porosity-properties correlations, and SMSIs in porous
materials, in particular for catalytic applications.
In Chapter 2, we investigated the colloidal-amphiphile-templated synthesis for mesoporous
complex oxides. The colloidal templates are essential to prevent the overgrowth of crystal domains and the
collapse of mesoporous structures. This method is a general strategy for various metal titanates, including
CoTiO3, NiTiO3, FeTiO3, ZnTiO3, Co2TiO4, Zn2TiO4, MgTi2O5, and FeTi2O5. Furthermore, the porositycontrolled electromagnetic response was investigated using mesoporous CoTiO3. Mesoporous CoTiO3
showed a 3 K increase of Néel temperature, compared to bulk CoTiO3. Therefore, we can use this universal
strategy to design mesoporous complex oxides and explore their unique properties.
In Chapter 3&4, mesoporous TiO2 encapsulated metal NPs were designed and synthesized, which
showed well-defined mesoporous structures and excellent thermal stability at up to 800 oC. These materials
were good candidates for the investigation of SMSIs in porous materials. In Chapter 3, Au@mTiO2 was
prepared at different calcination temperatures (350 oC – 800 oC). The calcination under air can enhance the
crystallinity and introduce the oxidative SMSIs, both of which are proven to be essential to the catalytic
performance in the photochemical oxidation of benzyl alcohol. In Chapter 4, PdAu@mTiO2 was designed
as the hybrid catalyst for phenylacetylene hydrogenation. PdAu@mTiO2 showed an approximately 6 times
higher activity than PdAu@mSiO2, which is due to SMSIs between PdAu and TiO2. We believe that these
studies can offer a general guide to investigate the SMSIs in porous materials.
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6.1

Synthesis of Other Complex Oxides with Mesoporous Structures for Photoreduction
It would be possible and interesting to develop more mesoporous complex oxides in various

applications using this synthetic concept of colloidal templates. For example, one can apply the method to
synthesize mesoporous oxide-based semiconductors for photocatalysis and photoelectrochemical (PEC)
cell.[306-307] Complex oxides with an optimal bandgap can maximize the utilization of solar energy. The
introduction of mesoporous structures can increase the active sites for catalytic reactions. One interesting
example is lanthanum orthoferrite (LaFeO3). LaFeO3 is a p-type semiconductor with a bandgap of 2.1 eV
and can be used as a photocathode for the photoreduction of water.[145] However, synthesis of crystalline
LaFeO3 with mesoporosity is very challenging and its crystallization usually needs annealing at the
temperature > 600 oC, which bring particular difficulties in control synthesis of its porous materials.
Moreover, mesoporous LaFeO3 can be also used in a PEC water splitting system with another mesoporous
photoanode.
The key in the synthetic method is to balance the hydrolysis speed of different metal precursors
during the EISA. Using an optimal amount of inhibitors to control the hydrolysis of metal precursors, one
can design and synthesize various complex oxides with mesoporous structures. Taking LaFeO3 as an
example, citric acid was proven to be effective to control the hydrolysis in the synthesis. After calcination
and removal of templates, mesoporous LaFeO3 with crystallinity can be obtained, as shown in the
preliminary results in Figure 6.1. Mesoporous LaFeO3 is expected to have an excellent activity in the
photoreduction of water and CO2. Furthermore, by combining mesoporous LaFeO3 with another promising
mesoporous photoanode, such as Fe2O3,[308] a PEC water splitting system using mesoporous metal oxides
can be fabricated. As compared to the traditional photoelectrodes using bulk materials, mesoporous
complex oxides as the photoelectrodes are expected to show a better catalytic performance.
In conclusion, our method is expected to offer a universal strategy for synthesis of complex oxides
with mesoporous structures and crystallinity. These mesoporous materials are potential candidates in
various catalytic applications.
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Figure 6.1 (a) SEM image, and (b) XRD pattern of mesoporous LaFeO3

6.2

Controllable Self-Assembly of BCPs with Extra Precursors
We are interested in studying the self-assembly process of PEO-b-PTMSPMA that possibly enables

the precise control over the porosity of oxides. As described, our studies of mesoporous materials are based
on the stable polymeric micelle templates prepared through the self-assembly of PEO-b-PTMSPMA. The
self-assembly process is along with the hydrolysis of the trimethoxysilyl groups in the PTMSPMA block.
Therefore, adding extra hydrophobic molecules to hydrolyze together with PTMSPMA is expected to alter
the hydrophilic-to-hydrophobic balances of BCPs and change the morphology of final assembled particles.
This study is fundamentally interesting and is expected to provide a new strategy to achieve the fine control
of nanostructures in the self-assembly, instead of re-synthesizing new polymers. Moreover, due to the
existence of extra precursors with elements such as silicon and transition metal, the self-assembled particles
containing those components are expected to convert into oxides materials by thermal treatment. It would
be possible to open another pathway to design and synthesize oxide materials with controllable porosity.
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Figure 6.2 TEM images of BCPs_TEOS showing various morphologies including (a-e) micelle, (f-g)
vesicles, (h-j) complex vesicles, and (k-l) mesoporous structures

Using tetraethyl orthosilicate (TEOS) with a similar structure to the trimethoxysilyl group, one can
alter the hydrolysis process in the self-assembly of PEO-b-PTMSPMA and further control the
nanostructures of final products. The preliminary results revealed that the self-assembled particles (noted
as BCPs_TEOS) showed different morphologies, such as micelles, vesicles, complex vesicles, and
mesoporous structures, when different amount of TEOS was used (Figure 6.2). This unveiled an interesting
way to control the self-assembly of BCPs. Further investigation is worth to be conducted to understand this
synthetic approach. For example, one can use 29Si NMR to reveal the hydrolysis reaction during the selfassembly. This will help us better understand the reaction mechanism and the ratio of BCPs and TEOS in
the self-assembled particles. Also, one can use advanced techniques, such as SAXS and DLS, to investigate
the nanostructures of self-assembled particles. This can help us further understand the mechanism of this
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synthesis. With a better understanding of this process, it is possible to achieve the fine control of
nanostructures in the self-assembled particles, and explore more precursors, such as metal precursors, to
control both the components and nanostructures.

Figure 6.3 TEM images of BCPs_TEOS (a, c, e) before and (b, d, f) after thermal treatment. Silica
materials with (b) spherical structures, (d) hollow structures, and (f) mesoporous structures can be
obtained after thermal treatment.

Furthermore, one can convert those BCPs_TEOS particles into silica materials with well-preserved
morphologies under thermal treatment, as shown in the preliminary results in Figure 6.3. Further
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investigation is worth to be conducted using different metal precursors, such as metal alkoxides, to form
the self-assembled particles with metal components. These self-assembled particles with metal components
are expected to convert into various hybrid metal oxides particles with preserved nanostructures. With this
investigation, it is possible to open a new pathway to design and synthesize metal oxides with controllable
nanostructures and compositions.
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